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GAMMA-NEUTRON REACTIONS AND 


ABSTRACT 


The cross sections for the reactions and have been 
determined measurement the induced positron activities. The oxygen cross- 
section curve has slowly increasing initial portion after which rises rapidly 
maximum peak cross section 11.4 millibarns 24.0 Mev. The nitrogen 
cross-section curve has initial peak about Mev. Above Mev., this 
curve increases sharply maximum value 2.84 millibarns Mev. 
order explain the shape the nitrogen curve, relative total neutron yield 
curve has been determined from Mev. detecting the emitted neutrons 
with rhodium foil. This neutron yield curve has the same shape the nitrogen 
saturated specific activity curve. The anomalous shapes the nitrogen and 
oxygen cross-section curves are explained terms the variation gamma-ray 
absorption with energy. 


INTRODUCTION 


The cross-section curves for the reactions and have 
been determined measuring the induced activities and respectively. 
These results have been published previous letter (1). The cross-section curves 
obtained present rather unusual features and was thought worthwhile ex- 
amine one these reactions further. This paper reports briefly the initial work 
and detail the investigation the nitrogen cross-section curve direct de- 
tection the emitted neutrons with rhodium foil. 


EXPERIMENTAL PROCEDURE INITIAL EXPERIMENT 


One gram samples ammonium nitrite were irradiated small cadmium 
thimble the University betatron. The dose was monitored 
Victoreen 100 ‘r.’ chamber placed the center cm. cube Lucite. 
The cadmium thimble, which approximates size the sensitive volume the 
100 chamber, was also irradiated the Lucite cube. energies below the 
(y, threshold O'* (16.3 Mev.) pure min. nitrogen activity was obtained. 
energies above 16.3 Mev., the min. activity was separated from the 
min. activity analyzing the decay curve. this way, using ammonium 
nitrate, values for both the oxygen and nitrogen activation curves could ob- 
tained simultaneously. Activation points for oxygen and nitrogen were also de- 
termined using powdered boric acid and dicyandiamide respectively. All 


samples were counted fixed geometry. 
received November 26, 1951. 
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RESULTS 

Fig. shows the saturated specific activity curves for and dosage 
rate 100r. per minute per gram parent isotope. Corrections for self-absorption, 
back-scattering, isotopic abundance, and geometry have been applied. Normali- 
zation against the (2) activity was carried out Mev. The 
energy the betatron controlled circuit (4) and 
stabilized within 0.1 Mev. The counting error between and except 
energies very close the threshold. The experimental points which determine 
the relative shapes the activity curves are thought accurate better 


SATURATED SPECIFIC ACTIVITY 


MAXIMUM ENERGY BETATRON (MEV.) 


gram parent isotope. Corrections for self-absorption, back-scattering, isotopic abundance, 
and geometry have been applied. 


than 3%. the normalization against the copper activity, much larger errors 
may introduced correcting for self-absorption. result the absolute 
values compared copper may error much 20%. The oxygen 


and nitrogen cross-section curves were determined from the activity curves 
the (3) method and are shown Fig. 


The first portions both cross-section curves show unusual behavior. The 
oxygen curve has more slowly increasing initial portion than normally found 
and the nitrogen curve has small apparent peak about Mev. expla- 
nation the shape these curves was offered the first reference terms 
the variation with energy electric quadrupole, magnetic dipole, and electric 
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NITROGEN CROSS SECTION PER ATOM (m barns) 


OXYGEN CROSS SECTION PER ATOM (m barns) 


PHOTON ENERGY (MEV.) 


Fic. Cross section vs. photon energy for and The dotted lines 
marked indicate the falling off electric quadrupole and magnetic dipole absorption. The 
dotted lines marked indicate the onset electric dipole absorption. The threshold for the 


dipole absorption. The falling off the nitrogen cross-section curve above 
Mev., forming apparent peak, was attributed large (y, mp) reaction 
nitrogen. However, this dip the curve could also explained the falling 
off electric quadrupole and magnetic dipole absorption before the onset 
electric dipole absorption illustrated Fig. Here the total cross-section 
curves have been broken into components. The first component attributed 
electric quadrupole and magnetic dipole absorption. The second component 
attributed electric dipole absorption. 

decide which explanation correct for the nitrogen peak Mev., was 
decided determine the neutron yield from nitrogen function the maxi- 
mum betatron energy. the (y, cascade reaction responsible for the falling 
off the nitrogen saturated specific activity curve, the dip should not present 
the neutron yield curve. Since neutrons which originate both (y, and 
(y, np) reactions are detected, smooth yield curve rising more rapidly than the 
saturated specific activity curve should obtained. 


EXPERIMENTAL ARRANGEMENT 
The experimental arrangement illustrated Fig. Three wooden boxes 
in. square and in. deep were filled with mixture paraffin and boric acid. 
channel was provided allow the X-ray beam strike the target without 
hitting the wax. in. diameter opening, running vertically through the center 


_of the middle container, permits neutrons emitted from the target reach the 


detector directly. The detector consists counter enclosed 
cm. sleeve rhodium foil. Surrounding the tube and foil in. di- 
ameter cylinder paraffin which turn covered cadmium foil. Neutrons 
emitted from the target, with energies greater than few electron volts, pass 
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PARAFFIN AND 
BORIC ACID 


DETECTOR 


TARGET 


VOLTAGE 
GROUND 
THYRODE TUBE 
PARAFFIN 


CAOMIUM FOIL 


DETECTOR 
Fic. Apparatus for neutron detection. 


through the cadmium foil, are moderated the paraffin cylinder, and some 
them are captured the rhodium foil. The resulting sec. and 4.2 min. neutron 
induced activities are then counted the thyrode counter. 

The experimental procedure was radiate the target for 132 sec., shut off the 
betatron, and then apply the high voltage the thyrode sec. later. count 
was taken for three minutes. The total count per roentgen, determined 
Victoreen ‘r.’ chamber placed cm. cube Lucite, was plotted function 
the maximum betatron energy. 

RESULTS 

The neutron background with target place was found vary linearly 

with the maximum betatron energy Mev., and then level off. order 


w 
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NITROGEN SATURATED SPECIFIC ACTIVITY 


MAXIMUM ENERGY BETATRON (MEV.) 
Fic. The solid circles represent the relative total neutron yields from nitrogen maximum 
betatron energies Mev. These values have been normalized the nitrogen saturated 
specific curve Mev. 
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establish how many neutrons from the beam were scattered the target into 
the detector, block paraffin, which approximated the nitrogen compound 
target dicyandiamide, was used target. Neutrons arising from photonuclear 
reactions the paraffin would not appreciable below Mev. because the 
high threshold (18.7 Mev.). This scattering contribution, which also 
includes the neutron background, was subtracted from the readings obtained 
with the dicyandiamide target. The final results were then normalized the 
nitrogen saturated specific activity curve redrawn Fig. The points shown 
solid circles are scattered about the initial portion this activity curve, but are 
close agreement above Mev. The neutron yield curve cannot determined 
too accurately because poor statistics. For example Mev., the total count 
for three minutes was 1070. However, this number 523 attributed the 
neutron background and 316 neutrons scattered the target into the detector. 
least three more determinations were made each energy. The final result 
thought accurate about 10%. certain, however, that hump does 
occur the neutron yield curve the same energy does the saturated 
specific activity curve; thus the same type cross-section curve would ob- 
tained each case. 
ENERGY RESPONSE DETECTORS 

The energy response characteristics the detector are not known. obvious 
that, the response strongly dependent energy, variations from smooth 
neutron yield curve might explained terms the level structure The 


RELATIVE 


ENERGY (MEV.) 


Fic. The relative total neutron yield curve for copper plotted function the maxi- 
mum betraton energy. The saturated specific activity curve has been normalized 
the neutron yield curve Mev. and represent the thresholds for the reactions 
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authors think that extremely unlikely that the shape the neutron yield 
curve would agree closely with the shape the saturated specific activity 
curve this explanation. Further, total neutron yield curve for copper has 
been obtained this latter method (Fig. 5). With copper target, the counting 
statistics were improved greatly. For example Mev., the total count for 
three minutes was about times background. 

The total neutron yield curve for copper should correspond closely the sum 
the neutron yields from the reactions Cu®(y, and 
weighted proportion their isotopic abundances. assume that the shapes 
the activation curves for these two reactions are then either one may 
compared the relative total neutron yield curve. Fig. the 
activity curve (2) has been normalized the neutron curve Mev. 
The above assumption would not valid low energies since the thresholds 
for the two reactions are different. This might qualitatively explain the difference 
between the two curves, low energies. Neutrons produced (y, 2”) and 
reactions could prevent the neutron yield curve from falling off rapidly 
the activity curve above Mev. Calculated thresholds for the (y, and 
(y, reactions copper are shown Fig. the detector were strongly 
energy dependent, the activity curve and neutron yield curve should differ 
strongly over their whole course. However, seen that the agreement shape 
excellent, especially the region between and Mev. 


CONCLUSIONS 

view the above results conclude that the initial peak the nitrogen 
cross-section curve not caused large (y, mp) cascade reaction. This initial 
peak and also the first portion the oxygen cross-section curve may explained 
falling off the electric quadrupole and magnetic dipole absorption. The 
sharp increase the nitrogen cross-section curve about Mev. and the 
increase the oxygen curve about Mev. may attributed the onset 
electric dipole absorption. 
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FLUORESCENT SPECTRA SOME ORGANIC SOLID 


ABSTRACT 


method measure the spectral distribution the luminescence solids 
described. Use made spectrophotometer combination with photo- 
multiplier tube. Spectra have been investigated and discussed for solid solutions 
naphthacene naphthalene and anthracene 
functions concentration. 


INTRODUCTION 


Ganguley (4) and Bowen (1) found that, when small quantity naphtha- 
cene (about one part 10°) added anthracene, the fluorescence the 
anthracene suppressed and naphthacene fluorescence high efficiency appears. 
the concentration naphthacene increased, the intensity the naphtha- 
cene fluorescence increases and that the anthracene decreases. Finally, 
concentration 2.93 moles naphthacene per mole anthracene, the 
naphthacene fluorescence more than 100 times intense the anthracene 
fluorescence. The same process takes place when small amounts naphthacene 
are added naphthalene, when anthracene added naphthalene, and 


these particular cases, the process takes place only solid solutions, not 
liquid gelatin solutions. necessary condition for its presence that the 
fluorescence the impurity molecules takes place equal longer wave lengths 
than the fluorescence the matrix compound. 

The process the transfer energy certain solid and liquid solutions 
common occurrence. Hence, surprising that practically quantitative in- 
vestigations this phenomenon, least the solid cases, have been carried out. 
Such studies are obviously needed correct explanation the transfer process 
made. The reason for this lack research has been the lack adequate 
apparatus. The change the relative intensities the matrix and impurity 
fluorescence enormous, and cannot studied adequately means photo- 
graphic plates, and the photocells used combination with filters some 
authors are not adequate for studying the band structure the fluorescence. 


The introduction the new photomultiplier tubes has obviated the previous 
difficulties. When used detectors monochromator, these tubes are extreme- 
sensitive wide range intensities, and with suitable calibration they are 
well adapted give all the information necessary for quantitative studies the 
spectra involved the transfer process. Results obtained this manner for 
naphthalene and anthracene crystals with added naphthacene 


dibenzanthracene under X-ray excitation are given the present paper. 


received December 10, 1951. 
Contribution from the Department Physics, University British Columbia, Vancouver, 
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APPARATUS AND EXPERIMENTAL PROCEDURE 


The crystal under examination was irradiated with rays KVP and 
ma. from Profexray portable X-ray unit, order produce fluorescent 
light. The light from the crystal was passed into the entrance slit Beckman 
Model Quartz Spectrophotometer, which was used monochromator. 
Fluorescent light particular wave length was passed from the exit slit the 
spectrophotometer the photocathode selected 931-A photomultiplier 
tube. The tube was housed light-tight brass box which was screwed directly 
the spectrophotometer place the photocells ordinarily used with this 
instrument. The output the photomultiplier was amplified d-c. amplifier 
with three overlapping ranges sensitivity, and the output from the amplifier 
was read microammeter. The reading the microammeter, when corrected, 
gave the intensity the fluorescent light the crystal the wave length passed 
the spectrophotometer. 

The arrangement has many advantages over the conventional use spectro- 
graph and microphotometer. The sensitivity the photomultiplier tube 
much greater than that photographic plate, and the range intensities 
will cover much larger. 

The dispersion the spectrophotometer changes with the wave length light 
passed, and the sensitivity the photomultiplier changes with the wave length 
the light falling the photocathode. Hence, each wave length which 
sate for these changes. This curve was obtained follows. Light from clear 
tungsten lamp was passed through the spectrophotometer, and readings the 
intensity the light were taken intervals 100 over the wave length range 
3000-6000 The lamp, when operated its rated voltage, was assumed 
black body with temperature 2850°K. The intensity radiation black 
body this temperature, was calculated each wave length which reading 
was taken. The intensity was then divided the microammeter reading 
each wave length, and the resulting factor was plotted graph. When the 
spectrum crystal was obtained, the current read from the microamme- 
ter was multiplied each wave length the appropriate value J/J read from 
the graph. The spectrometer slit was maintained constant value for each 
spectrum. 

The procedure adopted for preparing crystals was follows. About 0.0200 gm. 
impurity and 20.00 gm. matrix compound were carefully weighed 
accurate balance.* These compounds were then placed consecutively test 

Naphthalene, naphthacene, and 1,2,5,6-dibenzanthracene were supplied Eastman Kodak; the 
naphthalene was sublimed air before use. The anthracene was from the Reilly Tar and Chemical 
Corporation. study this kind essential use only materials the highest purity. For 
this reason, sample anthracene was subjected further purification chromatographic 
column Dr. Reid, Department Chemistry, University British Columbia, but showed 
evidence change. Some naphthalene from company showed visible fluorescence bands 
attributable impurities naphthacene, and third unidentifiable im- 
purity. was discarded favor naphthalene supplied Eastman Kodak Co. Some anthracene 
purchased from the Reilly Tar and Chemical Corporation subsequent the execution the experi- 


ment was much lower purity than that originally purchased. The fluorescence found for naphthacene 
and 1,2,5,6-dibenzanthracene were good agreement with those found Dr. Reid and Ganguley 
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tube special container and reweighed. The mixture was then heated sufficiently 
melt the compounds and allow the impurity dissolve. The impurities 
into solution very quickly. The mixture was then allowed cool form 
standard polycrystalline solid solution, accurately known concentration. 
Mixtures naphthalene plus impurity were heated air means 
bunsen burner, while the standard mixture anthracene plus naphthacene was 
placed container which was evacuated with fore-pump, sealed off, and 
heated furnace. The mixtures were removed from the containers sawing 
the glass from around them with diamond saw. 

Individual crystals for experiments were made combining small amount 
the standard mixture with sufficient the matrix compound give crystal 
the required concentration. Some these mixes were then treated the same 
manner the standard mixtures, while others were grown into single crystals 
furnace designed for this purpose. There was noticeable difference between 
the spectra produced the polycrystalline samples and the single crystal 
samples. 

RESULTS AND OBSERVATIONS 
Fluorescent spectra under X-ray excitation were obtained for the following 
solid mixtures different concentrations the added compound: 
Naphthalene 1,2,5,6-dibenzanthracene (Fig. 1a) 
Naphthalene naphthacene (Fig. 2a) 
Anthracene naphthacene (Fig. 3a). 


TABLE 


SUMMARY OF OBSERVED BANDS 


Mole concen- 


Matrix bands, bands, tration for opti- 
mum transfer 
Naphthalene 3430 
anthracene 4250, 4690, 5040 
Anthracene 4040, 4220, 4460, 4690 
(3650 
excitation) 
(X-ray 
excitation) 


noted that only three bands were observed for anthracene. Other in- 


the other hand, usually found more than three bands under ultra- 


violet excitation. Because this apparent discrepancy, the fluorescent spectrum 
the anthracene single crystal was obtained under X-ray well ultraviolet 
excitation. The result shown Fig. and comparison with the findings 
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some other investigators given Table II. The authors are not able offer 
explanation these facts. 


TABLE 
BANDS SOLID ANTHRACENE OBSERVED DIFFERENT AUTHORS 
Excitation Wave lengths, Author 
rays 4475, 4710, 5040 Present authors 
U.V 4040, 4220, 4460, 4690, 
4000, 4200, 4400, 4700, 4950 Kortum, (7) 
U.V. and rays 4240, 4440, 4700 Roth (10) 
4030, 4220, 4380, 4450 Ganguley (5) 
4025, 4220, 4450, 4735, 5090 Pringsheim (8) 


The spectra the crystalline mixtures Types and III show that the wave 
lengths the naphthacene bands are shorter the naphthalene than 
the anthracene matrix. According measurements Ganguley (5), the 
naphthacene bands obtained alcoholic solution occur even shorter wave 
lengths than those observed presently. similar shift was observed when the 
dibenzanthracene bands, given Table were compared with those obtained 
Reid (9) solution ether, isopentane, and alcohol 180°C. may 
thus concluded that the wave lengths the bands depend some 
extent (not the same for all bands) the matrix. The observations made here 
suggest that perhaps general, for successively shorter wave lengths the 
matric fluorescence, the fluorescence the impurity moves shorter wave 
lengths. 

The spectra Figs. 2a, and show that the proportion energy trans- 
ferred the various bands not equal all concentrations. For 
example, the spectra Fig. 3a, the naphthacene band 5035A becomes 
almost completely obscured the longer wave lengths bands the concen- 
tration the naphthacene increases. the spectra Fig. 2a, the naphthacene 
moles, while larger concentrations, the reverse true. similar change 
observed the dibenzanthracene bands 4080 and 4250A Fig. 1a. 


The intensity various bands function the concentration 
shown for the three mixtures Fig. and for Fig. and for 


The concentrations for maximum transfer energy (Table show obvious 
relationship one another, apart from the fact that all these concentrations are 
very small. The transfer most efficient the crystals anthracene plus 
naphthacene (Fig. 3). The wave length region between the impurity fluorescent 
bands and the matrix fluorescent bands is, this case, the shortest any the 
three combinations investigated. For each the combinations matrix plus 
impurity studied, the two impurity bands longest wave length form doublet, 
the components which (except the case crystals naphthalene plus 
naphthacene very low concentrations) maintain very nearly the same relative 
intensities one another over the concentration ranges investigated. 


RELATIVE INTENSITY ARBITRARY UNITS 


LIPSETT AND DEKKER: FLUORESCENT SPECTRA 169 


wad nu an 
> 
@ 
fo) 


oa 
T 


WAVELENGTH 


1G. la. Spectra crystals naphthalene with Molar 


1.39 


RELATIVE INTENSITY -ARBITRARY UNITS 


3410 


RELATIVE INTENSITY -ARBITRARY UNITS 


CONCENTRATION- MOLES 1|,2,5,6-DIBENZANTHRACENE CONCENTRATION- MOLES 1,2,5,6-DIBENZANTHRACENE 
PER MOLE NAPHTHALENE PER MOLE NAPHTHALENE 
Fic. Intensity the 4080 and Fic. Intensity the 4690 and 
4250 dibenzanthracene bands relative 5040 dibenzanthracene bands relative 
the 3410 naphthalene band func- the 3410 naphthalene band func- 


tion concentration. tion concentration. 
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2a. Spectra crystals naphthalene with added naphthacene. Molar concentrations: 
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CONCENTRATION-MOLES NAPHTHACENE/MOLE NAPHTHALENE CONCENTRATION-MOLES NAPHTHACENE/MOLE NAPHTHALENE 
Fic. 2b. Intensity the 4965 and 2c. Intensity the 5680 naph- 
5285 naphthacene bands relative the thacene band relative the 3415 
3415 naphthalene band function naphthalene band 


concentration. concentration. 
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Fic. 3a. Spectra crystals anthracene with added naphthacene. Molar concentrations: 
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CONCENTRATION-MOLES ANTHRACENE 


Fic. 36. Intensity the 5320 and 
5735 naphthacene bands relative the 
4445 anthracene band function 
concentration. 


WAVELENGTH 


Fic. Spectra anthracene under 
X-ray excitation (A) 
excitation (B). 
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IV. DISCUSSION 


The process energy transfer from one molecule another has been discussed 
Frenkel (3), Franck and Teller (2), and more recently Kallmann and 
Furst (6). From the high efficiency the process even for very low concen- 
matrix luminescence and re-emission the molecules. the case 
organic molecules least, seems that, the liquid well the solid 
state, the transport energy due migration excitons with non- 
vanishing lifetime. These excitons may then trapped impurity molecules 
and eventually part the trapped energy emitted the form light. From 
this picture, clear that trapping can occur only the wave length the 
matrix luminescence shorter than that the impurity luminescence. For 
example, incorporation naphthalene anthracene would not lead such 
process, whereas anthracene naphthalene could. Also, the contact between the 
and matrix molecules should strong enough for such process 
occur. seems, therefore, that certain amount overlapping the electronic 
orbits and matrix molecules necessary. This would explain 
qualitatively why naphthacene liquid solutions much less efficient than 
solid anthracene naphthalene. Because the required overlapping, then 
not surprising that the wave length the luminescence the “impurity”’ 
molecules depends some extent the matrix solvent, found experiment- 
ally and mentioned already Section 


Except for Fig. 2c, all intensity versus concentration curves show maximum. 
Similar observations were made Kallmann and Furst (6) liquid solutions, 
although they used counter methods measure the total light output. The 
curves these authors show, however, much less pronounced maxima. Kallmann 
and Furst explain the decrease intensity after the optimum concentration has 
been surpassed the basis self-quenching the impurity molecules. This 
seems, indeed, the only possible explanation present. 


solids, the coupling between impurity molecules means lattice vi- 
brations obviously stronger than liquids, and this may the reason why 
the maxima are more pronounced the former case. still difficult, however, 
understand the strong dependence concentration the neighborhood 
the maximum. seems, therefore, that many more quantitative experimental 
results will required before less qualitative considerations this subject can 
given. 
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SURFACE LOSSES ELECTROMAGNETIC CAVITY 


ABSTRACT 


The effective skin resistance brass has been determined microwave 
frequencies, means measurements. Refinements have allowed the 
measurements made with accuracy the order over wide 
frequency range. The measured values are essential agreement with theoretical 
prediction, provided that surface treatment confined slow hand polishing. 
This agreement holds for relaxation calculationson re-entrant type resonators, 
well for rigorously soluble resonators. attempt has been made correlate 
the surface roughness resonator with the effective skin resistance. The results 
obtained are agreement with theoretical work. The effect surface scratches 
small when compared with the effect distortion the crystal lattice the 
surface the brass, due surface work. The perturbation the field distri- 
bution the normal modes wall losses usually assumed negligible. 
calculation the relaxation method shows that, for the best conductors 
room temperatures, the perturbation the normal modes may become serious 
millimeter wave lengths. 


INTRODUCTION 

The measured resonant frequencies electromagnetic cavity resonators check 
closely with theoretical predictions, but the measured resonator losses are in- 
variably higher than predicted. This result not caused the anomalous 
skin effect metals, since the anomaly only appears extremely low tempera- 
tures. Various authors have suggested that the additional loss caused 
surface roughriess, very thin surface layer with abnormally high 
resistance (13). 

this research, the relation between surface roughness and resonator losses 
was investigated. Losses were determined measuring the quality factor, 
cylindrically symmetric brass resonator, the frequency range 550- 
1050 per sec. 

Three general methods solution cavity resonators have been described 
the literature. 

(1) Division the cavity into solvable sections (4, 5). 

(2) Perturbation method, working from known solution (3). 

(3) relaxation method (10, 14). 


The relaxation method was used the present calculations. 

interpret measurements terms surface losses the resonator, 
convenient use equivalent circuit representation derived from consider- 
ation the normal mode fields. The previously published equivalent circuit (8) 
incorrect, and corrected derivation presented elsewhere (11). The error 
does not affect calculations power relations, but leads wrong results when 
frequency parameters are being considered. 

EXPERIMENTAL METHODS 
cylindrically symmetric brass resonator fitted with variable re-entrant 


sections was constructed. The mode operation was chosen because 
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its nondegeneracy and ease excitation, well for the wide frequency range 
obtainable moving the re-entrant sections. The resonant frequencies the 
mode were measured function the re-entrant cylinder position, 
Fig. The resonant frequency curves many other oscillation modes, not shown 
the figure, cross this frequency curve. measurements were not made near 
such cross-over points, since cross-coupling between modes invalidates the 
simple resonance theory. The resonator surfaces were prepared scratching 
with various grades emery paper along specified directions, and the loaded 
was determined measuring the power output near the resonance. 
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Fic. Resonant frequency the mode. 


schematic cross section the resonator shown Fig. The circular 
cylinder and the circular variable re-entrant cylinders are standard brass 
tube stock. The end plates are cast brass, while the slotted springs are 
silver-plated phosphor bronze. The perimeters the two ends cylinder 
differ about 0.006 in., the variation being continuous one direction. The 
mean difference between two perpendicular diameters the same plane be- 


tween 0.001 and 0.002 in. 

The experimental arrangement for measurement shown Fig. Oscil- 
lators Nos. and are identical lighthouse triodes, type 2C40, with beat-note 
stability two parts over average three minute period 1000 mc. 
per sec. Oscillator No. was maintained fixed frequency, while oscillator 
No. varied steps 10-20 kc. per sec. Power from oscillator No. entered 
the resonator via attenuating pad. The resonator output resonance, and 


| 


176 CANADIAN JOURNAL OF PHYSICS. VOL. 30 


Fic. Schematic cross section cavity resonator. 


down one-third the maximum output each side resonance, was recti- 
fied and continuously recorded. The beat frequency between the two oscillators 
was measured comparison with video signal generator. This beat note 


wanders for some time after each frequency change, and order avoid having 


wait for the steady state, the video frequency oscillator was adjusted after 
each shift oscillator No. until stationary Lissajous pattern was observed 
oscilloscope. this moment, the spark coil was energized. The radiative 
output the coil penetrated the shielding the crystal rectifier, the rectified 
signal appearing frequency marker pip the recorder trace. 

The technique used roughen the resonator surface some importance, 
since surface finishing ordinary machine methods the high speeds and point 
pressures produce temperature rise sufficient melt the surface layers the 
metal, and the resultant crystal dislocations reduce the conductivity (6). Ac- 
cordingly the resonator surface was worked hand low speeds and low 
pressures. First, the surface was scratching with aluminum oxide 
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about 1000-mesh size using water lubricant. The final scratch lines were the 
direction the current paths the mode. The polished cavity was then 
scratched turn with 4-0, 2-0, and F8(0) emery paper, using kerosene 
lubricant. Scratches were first made current paths, and then along them, 
that the measured values alternately decreased and increased. 
the unloaded values, Qo, are shown function surface scratches, for 


series resonator shapes. 


TABLE 


THE EFFECT EMERY SCRATCHES VALUES 


| 
Re-entrant (in. 
e-entrant (in.) 
4-0 16,260 8940 7050 6060 
15,750 8550 6560 5810 
15,450 8540 6530 5640 


(a) Scratches made along the current paths the TMoio mode. 
(b) Scratches made across the current paths the mode. 


Sample brass plates were roughened, above, and the surface topography 
recorded Brush Surface Analyzer. duplicate set plates was copper- 
plated. The surfaces were then sectioned right angles, embedded polysty- 
rene, polished, and photographed total magnification 1500, Fig. These 
microphotographs were taken the Metallurgical Department the University 
Toronto, with the assistance Dr. Thall. The mean depth the surface 
scratches was much less than anticipated, and the scratches made 2-0 emery 
paper were barely resolved the optical microscope. The spacing between 
scratches somewhat less than the 500 tip radius the stylus the Brush 
Surface Analyzer. Nevertheless, the mean depth indicated this instrument 
fair agreement with the profile microphotographs. 

The contact springs inside the resonator cause extraneous losses. These 
springs were removed, solid brass circular plates were inserted flush with the 
inner surface the end plates, and was measured. replacing springs 
the re-entrant cylinders were inserted the zero re-entrant position and 
was remeasured. The loss due the springs alone was 1.7% the total wall 


losses. 

check reproducibility, series measurements were made the uniform 
cylindrical resonator with plug inserts replacing the contact springs. The end 
plates were removed and replaced prior each measurement. The mean 
value five measurements was 16,590 with maximum deviation 0.5% and 


mean deviation 0.3%. 
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CALCULATIONS 


The general method solution cavity resonators Southwell’s relaxation 
method has been described Motz (10). This method was adapted, taking into 
account the differing d-c. conductivities the various resonator sections. The 
the uniform cylindrical resonator was 17,800 0.5%, the assumption 
smooth surface and normal modes unperturbed surface losses. addition, 
the and resonant frequency were calculated for the cavity with re-entrant 
cylinders inserted 1.5 in. The calculated and experimental Qo, values are com- 
pared Table II. Two problems with known theoretical solutions were solved 
the relaxation process (Appendix order prove that the perturbation 
the normal modes wall losses may neglected under the experimental 
conditions. estimate the probable error the relaxation method was also 
obtained. 


TABLE 


COMPARISON CALCULATED AND EXPERIMENTAL VALUES 
(Re-entrant insertion 1.5 in., mode) 


Calculated 8690 866.0 
Experimental, 4-0 emery scratches along the 7610 860.5 
current 
Experimental, with corrections for contact 7810, 90% the 
spring losses and surface roughness calculated value 
Experimental, with correction for the frequency 863.5 99.7% 
change caused the contact springs the calculated value 


All these calculations assume perfectly smooth surface and correction must 
made for surface roughness before the resonator losses can properly evalu- 
ated. Morgan’s work grooved surfaces (9) not directly applicable here, but 
his mathematical analysis useful guide empirical approach. Consider 
rectangular grooves cut metal skin depth right angles the current 
paths, Fig. Morgan finds the effective surface area solving the field equations 
the metal, the assumption that the magnetic field constant over the entire 
grooved surface. the present calculations, attempt was made solve for 
the field equations inside the metal. Instead, the corners the grooves were 
rounded off, radius curvature equal the skin depth and the resultant 
surface trace was measured directly. From Table III apparent that the two 
methods are good agreement for 26. The effective geometric surface area, 
the experimental resonator was measured applying the same geo- 
metric construction the irregularly shaped grooves Fig. 

addition the correction for surface roughness, some consideration must 


given the ellipticity (eccentricity about 0.02) the experimental resonator. 
Chu (1) has studied the losses elliptic wave guides, asa function the eccen- 


3 


PLATE 


Fic. Profile microphotographs, magnification 1500. 


brass. 
4-0 Emery paper scratches brass. 
2-0 Emery paper scratches brass. 


Emery paper scratches brass. 
F8(0) Emery paper scratches brass. 
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Fic. Surface grooves: cross section. 


tricity and operating frequency. Extrapolating boldly from data, 
found that the the resonator lower than the corresponding 
for resonator with circular cross section. 


TABLE III 
EFFECTIVE SURFACE AREA FOR GROOVES TRANSVERSE 
TO THE CURRENT FLOW 
(1) Square grooves, ratio a:b:d 1:1:2 
(2) Rectangular grooves, ratio a:b:d 3:2:4 


Ratio b/6 Mathematical analysis Geometric method 
(Morgan) 
(1) (2) (1) and (2) 
2.00 2.00 2.00 
3.5 1.75 1.75 
2.0 1.57 1.60 1,57 
1.0 1.17 1.25 1.14 
i.00 1.00 1.00 


The sum all the resonator losses was determined from the experimental data 
resonator power output near the resonance point. Using the corrected 
equivalent circuit, and noting that the input and output circuits the resonator 
are symmetrical, the relation between power output and the unloaded Qo, 
given (11) 


(1 ) Qo = 
the power output the generator into the load when the resonator 
removed from the circuit and P(w) the power output into the load frequen- 


The resonance curve, Equation was transformed into parabolic form and 
values calculated the method least squares, using facilities provided the 
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Computation Centre, University Toronto. The mean probable error, about 
0.3%, was estimated from the dispersion repeated measurements the same 
The values were then obtained from Equation 


DISCUSSION 
The measured the polished uniform cylindrical resonator was (93.3 
0.8)% the theoretical value for perfect cylinder. The measured value 
becomes (95 3)% the calculated value when the correction for ellipticity 


applied. Other loss factors, such contamination the surface, 


surface flaws, misalignment the end plates, etc., exist but could not evalu- 
ated this experiment. instructive compare these results with some 
the available data measurements, Table the resonator was con- 
structed with extreme care, but the surface was finished honing process. 
The resultant distortion the crystal lattice structure could account for the low 
ratio experimental theoretical values. the copper surface (com- 
mercial No. British s.w.g. wire) was left unpolished, and relatively high 
ratio values was obtained. The chief reason for including the silver surfaces 
Table indicate that the effect under consideration does not depend 
frequency any obvious manner. literature search did not reveal any 
precise data the losses brass surfaces. seems reasonable conclude that 
brass, copper, silver surface will have losses very close the theoretical value, 
provided that the crystal lattice structure the surface has not been seriously 
distorted the surface finishing processes. the present research, the greatest 
loss due surface roughening was only 7%. 


TABLE 
MEASUREMENTS 
frequency material 
theoretical 
Essen and 3101 .05 Copper 
Gordon-Smith (2) 
3564 .05 Copper 
II. Pippard (12) TEM, 1200 Copper 
Montgomery (7) 2800 Silver plate 
copper 
Paghis 1065 .95 .03 Brass 


All the data Table refer uniform cylindrical resonators. When re- 
entrant cylinders are inserted into the cavity there may loss factors, 
owing the misalignment and ellipticity the re-entrant tubes. Moreover, both 
the relaxation calculations and the correction for contact spring losses have 
larger probable error than the case the uniform resonator. The measured 
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the cavity with re-entrant cylinders inserted 1.5 in., Table II, 90% 
the calculated value. This result consistent with the 95% ratio obtained for the 
uniform cylinder. 

Figs. and the measured effective geometric surface area plotted 
against the effective surface area deduced from the values Table 
When surface grooves are the direction the current paths, Morgan’s calcu- 
lations (9) indicate that the increase will only one-third large 
for grooves perpendicular the current paths. Figs. and are qualitative 
agreement with Morgan’s result. The values A(Q) for both types grooves 
average about low, but this within the experimental error the (6) 
measurements. 
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1062 megocycles/sec. 
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Fic. Scratches along the current paths. 


APPENDIX 
all analytic solutions for the electromagnetic radiation inside cavity, 
perfect surface conductivity assumed. The parameters the cavity, other than 
the resonant frequency, may then approximately determined neglecting 
the perturbation the fields caused the surface losses. Southwell’s relaxation 
method (10) can applied directly lossy resonator, but references have 
been found the literature calculations this type. 


Consider uniform cylindrical cavity operating the mode, with skin 
depth Let the axial and radial directions, respectively. The boundary 
conditions the walls are: 


the limit, obtain the usual boundary conditions for perfect 
conductor. 
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The relaxation process was carried out for cavity with radius cm., length 
cm., accuracy 1%, Table The values the bottom the table 


TABLE 
PERTURBATION WALL LOSSES 


Perturbation 
1.9 7.5 16.3 28.0 41.8 56.5 71.7 85.4 
1.5 5.9 13.0 22.6 34.2 47.2 60.9 74.1 
1.1 4.5 10.2 18.0 27.7 39.2 51.7 64.4 
0.8 3.4 7.8 14.1 22.3 32.4 43.9 56.2 
0.6 2.5 5.9 0.9 17.9 26.9 37.6 49.6 
0.4 1.8 4.4 8.5 14:5 22.6 44.5 
0.3 1.3 3.3 6.8 12.1 19.6 29.2 40.8 
0.2 1.0 2.7 5.8 10.7 17.8 27.1 38.6 
0.2 0.9 2.5 5.5 10.2 17.2 26.4 37.9 
Unperturbed 9.6 37.2 79.0 129.2 180.8 226.0 257.6 269.3 


are for the unperturbed fields loss free resonator, and are independent 
They were obtained relaxation calculation. The maximum perturbation 


For this particular cavity geometry and mode operation the skin depth 
room temperatures between 0.2 cm. for all common 
metals, and the field perturbations are not significant. 

Now, roughly speaking, increases with increase the 
boundaries. Both these derivatives are proportional the three-halves power 
the frequency. The above analysis, though far from rigorous, indicates that 
the perturbation due wall losses will become significant above 20,000 mc. 
per sec. 


NOTATION 
the effective geometric surface area. 
A(Q) the effective surface area deduced from measurements. 


energy stored 


energy loss per cycle 
unloaded 

loaded 


skin depth 
pow 


6 

wave length. 

permeability. 

conductivity. 

= 

circular frequency. 
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FORBIDDEN TRANSITIONS DIATOMIC MOLECULES 
II. THE ABSORPTION BANDS THE OXYGEN MOLECULE! 
HERZBERG 


ABSTRACT 

The forbidden absorption bands the near ultraviolet have 
been obtained under high resolution with absorbing paths 800 
detailed fine structure analysis has been carried out. confirms the identifi- 
cation the band system transition. Precise values the ro- 
tational constants and well the vibrational quanta AG,, the 
upper state have been derived. Each the ‘‘lines’’ the branches observed 
under low dispersion resolved into six components whose spacing yields the 
triplet splitting the upper state. This splitting more than twice large 
the ground state and opposite sign. The splitting constants and 
have been determined and their variation with the vibrational quantum number 
observed. addition the Q-form branches weak and S-form branches have 
been found agreement with the prediction Present which based the 
assumption that spin-orbit coupling the main cause for the occurrence this 
forbidden transition. However, the relative intensities the different branches 
deviate strongly from prediction. The dissociation limit obtained from 
the convergence limit the bands (without extrapolation) 41219 
This value higher about 220 than the value the dissociation energy 
derived from the bands. possible that the limit 
the bands, which based short extrapolation, and there- 
fore the value the dissociation energy has slightly revised. The 
electron configurations and dissociation products the various electronic states 
are briefly discussed. 


INTRODUCTION 

1931 observed (15) very weak absorption band system oxygen the 
region 2700-2400A. This band system showed rather peculiar structure that 
only single branch was apparent each band under the low dispersion used. 
Successive bands showed rapid convergence towards 2425A, wave length that 
corresponds closely the dissociation energy the oxygen molecule. view 
the limitations imposed the correlation rules for states 
arising from two normal atoms the state and the observed band structure 
concluded that these absorption bands are due transition. 

Later this band system was also observed Herman (12) and Chalonge 
and Vassy (6). They observed several additional bands towards longer wave 
lengths well the continuum joining towards shorter wave lengths. 
1941 Dufay (8) suggested that this band system emission may account for 
some the more prominent features the ultraviolet part the spectrum the 
night sky. This identification now fairly generally accepted (see Swings (23, 
24), Barbier (4), and Meinel (20)), but view the low dispersion night sky 
spectra the ultraviolet cannot yet considered entirely conclusive. 

oxygen high pressure Wulf (25) has observed progression absorption 
bands which almost coincide with the bands here under discussion. These bands 


have been investigated more detail Finkelnburg and Steiner (10) who 


found that each band consists three diffuse peaks. The wave lengths the 


Contribution from the Division Physics, National Research Council, Ottawa, Canada. 
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central peaks these bands agree closely with the wave lengths the zero lines 
the bands. However, Herman and Herman (13) first showed that 
under medium pressure with sufficient path length both band systems occur 
simultaneously, thus showing conclusively that the two systems are not identical, 
that is, Wulf’s bands are not simply the bands modified pressure. 
The quadratic dependence the intensity Wulf’s bands pressure and their 
entirely diffuse nature (Finkelnburg and Steiner (10) and below) suggest very 
strongly that they are due loosely bound for whose presence 
oxygen high pressure and liquid oxygen there also other independent 
evidence (Lewis (19), Wulf (25), Finkelnburg (9)). 

The bands here under discussion consist sharp lines, they occur low 
pressure, and their intensity varies linearly with the pressure. Therefore they are 
certainly due the free molecule. The very low intensity the bands suggests 
that they represent forbidden transition. Several types forbidden transitions 
have been discussed the introduction the first paper this series (17). The 
the present investigation, implies forbidden transition the first type, that is, 
forbidden transition violating approximate selection rule, the present case 
the rule that states not combine with states. This rule derived under 
the assumption zero interaction between rotation and electronic motion (zero 
rotational distortion) and, the case multiplet states, under the assumption 
negligible interaction. Since these interactions are actually not 
entirely negligible, weak transitions may occur. 

Present (21) has discussed detail the fine structure expected for 
transition, both the basis spin-orbit interaction and rotation- 
distortion. Each the branch predicted consist six seven 
components corresponding the different values for given addition, 
for spin-orbit interaction, branches with (S-and O-form branches) 
are expected. 


the present work the bands have been observed under high 
dispersion and the fine structure has been well resolved. Most the predicted 
branches have been observed least for the strongest bands, and precise values 
the rotational constants and band origins the various bands have been 
determined. 

new band system, much fainter than the been found 
the same plates. consists progression bands similar spacing the 
bands and converging the same limit. These new bands, which very 
probably represent transition, will discussed separate paper 
this series. 


EXPERIMENTAL 


oxygen atmospheric pressure. Under these conditions (and medium dispersion) 
the bands appear quite faintly. was obvious that much longer absorbing paths 


were required order obtain the bands with intensity sufficient for 
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detailed analysis. Using the absorption tube and the multiple reflection 
technique described earlier (16, 17), has been possible obtain the 
bands with path lengths 800 For this purpose aluminized rather than 
silvered mirrors were used since the reflectivity silver very low near 2500A. 
The very long path lengths obtained the infrared (see particularly Paper 
(17) this series) cannot obtained readily the ultraviolet since the re- 
flectivity even aluminum only about 85% (compared 95% higher for 
that silver the red and near infrared). For the weakest bands the pressure 
oxygen was increased atm. still higher pressures the broadening 
the lines becomes too large and, addition, the intensity the continuous 


background decreases account scattering. 


The spectra were taken the fourth order the Yerkes ft. grating. Lower 
orders were eliminated means cylindrical prism used the way described 
Curry and Herzberg (7). Fig. gives example the spectra obtained; 
Fig. gives part the band 40920 with greater magnification order 
show the fine structure more clearly. The exposure times were the order 
hr. The measurements were made against iron lines third order. Judging 
from the agreement independent measurements one and the same plate the 
wave numbers obtained for unblended lines are accurate +0.04 This 
accuracy refers the relative position given exposure. different exposures 
shifts 0.12 have been found, thus limiting the absolute accuracy 
the band origins. For the very weak bands the long wave length end the 
accuracy appreciably less, viz. +0.1 for relative measurements. 


pressures above atm. addition the discrete bands the diffuse Wulf 
bands appear conformity the observations Herman mentioned the 
Introduction. The diffuse bands are overlapped numerous very faint sharp 
absorption lines forming ill-defined bands which represent presumably the trans- 
ition free that corresponds the diffuse bands the complex. 


ROTATIONAL ANALYSIS 

(1) Assignment Branches 

The analysis the fine structure the not readily 
made that more normal band systems, since combination differences 
cannot formed except for the few bands for which and branches have been 
observed. Fortunately the lower state known with high accuracy (Babcock 
and Herzberg (3)). Using the data for this state unambiguous analysis the 
bands has been found. 


the strongest bands each the branch clearly resolved into six 
components shown Fig. Fig. shows example the course the 


_six branches the 40585 band giving the deviations from hypothetical 


branch 40585.0 1). readily seen that the six branches 
form three pairs with wave number separation about for each pair. 
This the separation the component from and the ground state 
the oxygen molecule. 
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Fic. Course the six Q-form branches the 8-0 band. 


The deviations the observed lines from the formula 40585.0 0.78K(K +1) are 
plotted against 


all the possible branches with their designations are indicated assuming the 
mately scale and such way that the horizontal separations the transition 
lines correspond their separations the spectrum. The groups and 
lines they would appear the spectrum.are shown the bottom, the pairs 
lines with separation being indicated broken-line arcs. There are 
seven possible lines for each value, but two these and fall very 
closely together since and the lower state are close together. Thus six 
components are expected agreement with observation (see Fig. 2). 

Fig. has been assumed that the order the component levels the 
state different from that the ground state that the levels are 
below rather than above and F;. The alternative assignment which the 
order the levels the same the ground state has also been considered. 
However, unlike the first assignment leads variation the triplet splitting 
the upper state completely variance with the well established formulae 
Schlapp (22). addition the and branches observed some the bands 
definitely rule out this alternative assignment. 


Once the assignment the various branches one band had been made 
difficulty was encountered making the assignments for all the other bands, 
even those which, account faintness the band, only two three the 
six branches were observed. the basis the assignment the branches 
and the known rotational levels the ground state, the positions the lines 
the and O-form branches (see Fig. can predicted accurately. number 
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Fic. Energy level diagram for transition. 

The levels are drawn approximately fit the observed bands. The vertical lines repre- 
senting the transitions are drawn such way that their projections below give represen- 
tation the spectrum. Only one line each branch indicated. 


these lines have thus been found. Except for the bands highest these lines 
are always weak. Several the and S-form branches are indicated the 
spectrogram Fig. 


Table the wave numbers the lines all observed bands are given. 
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TABLE (Concluded) 


20; 


37237.61* 37237.61* 
235.67* 
229.80 
37226.00 224.16 220. 219.20 
205. 203.88 
129.70 
59. 056.69 
| 


N | 


016.69 013.13 
914.84 | 911.64f 


1-0 band, Vo = 36523.85 cm.~ 


36524.76* 36526.41* 
36524.76* 519.13 

498.12* 495.94 493.87 
478.78* 476.75 474.65 

454.88* 452.81 450.71 

424.52 422.32 
391.68 389.25 
354.32 351.75 


36526.41 


393.61 


20, 


35753.17 
734.86 
11 711.81 
13 686.96F 9, 684.76T 
15 | 647.997 | 652.92T 
17 


(2) Determination Rotational Constants 

Because the low intensity the and O-form branches most bands the 
rotational constants the upper state cannot accurately determined from 
combination differences. Instead the strong branches were used for determi- 
nation the differences B,’ and D,’ Do” and from them and the very 
precisely known By” and values the ground state (Babcock and Herz- 
berg (3)) B,’ and D,’ were obtained. 

follows the simple formula 


for singlet state. Therefore have for the branch the band 
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| | | | 
2 | 
| 
15 f 
17 
1 | | 
| | | 
3 522.06 | | 
13 | 
1 | | 
| | | | | | 
| 751.25 
732.64 
709.39 
682.13 
| 650.09 
| | | 
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Plotting the usual way, against 1), line obtained whose 
initial slope gives B,’ and whose intercept with the ordinate axis gives 
the band origin. The value D,’ determined the deviation from 
straight line.* The branch weak (see Fig. and has not been observed 
the fainter bands. its place the strong unresolved pair branches, and 
known from Babcock and Herzberg (3), subtracted from (see Fig. 4). 
Where the branch was not too faint the average and 
latter was used. may noted that the use the unresolved and 
branches would introduce very slight systematic error the unlikely event 
that these two branches have very different intensities. However, the range 
11, this error the position the equivalent branch would amount 

Table the rotational constants and the state determined 
this way are collected. Naturally the accuracy for the fainter bands low 
less than for the stronger bands high v’. For the last band strong 
perturbation occurs above and makes accurate determination the 
rotational constants impossible. 


TABLE 


ROTATIONAL CONSTANTS THE STATE 


AB, 

0.8881 (4.4) 

0.8687 (4.6) 

0.8491, 4.9 
0.0218; 

0.8272, 5.3 
0.0238, 

0.8034; 6.1 

0.77649 8.3 
0.03175 

0.74474 10.3 
0.03832 

0.70642 12.8 
0.04828 

0.65814 18.1 
0.06459 

0.59355 31.1 
0.0965; 

165 


low values only. 


*For more details this graphical method see (18). 
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Figs. and the and values the state are plotted against 
Instead the usual linear variation decreases and increases acceler- 
ated fashion the convergence limit approached. not profitable express 
power series since these would converge very poorly for high 
However, using only the first few and values, one obtains 


ie) ' 2 3 4 5 6 7 8 9 10 v 


Fic. curve for the state 
addition (circles, heavy curve) the values are plotted (crosses, light line). 


165 


The point for falls beyond the limits the diagram. 
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that is, 


These values are not very accurate both account the uncertainty the 
higher terms and the lower accuracy the and values small (see 
above). addition the uncertainty vibrational numbering (see below) must 
kept mind. The value leads 


using the conversion factors quoted Herzberg (18). 


Empirically one finds that isa very nearly linear function shown 
the crosses (X) Fig. The straight line intersects the abscissa axis 
10.4 agreement with the nonobservation levels above 10. The 
reason for nearly linear curve not clear. 


(3) Triplet Splitting 
According Schlapp the three triplet components state, neglecting 
centrifugal stretching terms, are given 


and where and are constants: measure the spin-spin interaction 
the unpaired electrons while measure the interaction the resultant 
electron spin with the magnetic moment produced the rotation the mole- 
cule. readily seen that the basis formulae the following sum 
rule should hold for the splittings 


For the ground state this constancy the sum the splittings 
than 0.01 although with the very high accuracy possible the micro- 
wave region very slight deviation occurs (Burkhalter, Anderson, Smith, and 
(5)). 

mentioned above the triplet splitting the upper state the bands 
under consideration opposite that the lower state, that is, the value 


4 
4 . 
— 
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may used and are not resolved, see above). Also, 
may used. Using each case the best available combi- 
Table were obtained for the various vibrational levels. The sums 
required Schlapp’s formulae the sums are independent within the accuracy 
the measurements except for the two highest vibrational levels, near the dis- 
sociation limit. According equation the sums give Mean values 
for the various vibrational levels are given the second column 
Table IV. seen that independent the vibrational quantum 
number for low* but increases appreciably with for the last four vibrational 
levels. This increase indicates increasing deviation from case near 
the dissociation limit. 


order determine the two splitting constants separately necessary 
make use the actual course the splitting function From the sum 
are symmetrical with respect Rewriting equations and one 
finds 


TABLE III 


v =0 =2 | »=3 


K F3-F2 Sum | Fi-Fs F3s-F2 Sum | Fi-Fe F;-F: Sum | Fi-F2 F;-F; Sum 


9.94* 

10.04 9.83 

9.83 


10.01* 
10.20* 
| 


10.03* 


| 
21 | 4.53T | 4.33t 4.25* 


Note: Values derived from blended lines or very faint lines are marked by * and ¢ respectively. 


*Here must remembered that for the lowest values the determinations are smaller accuracy 
than for the other values. 


4 
13 4.68 | 4.17 | 4.32 5.84 4.33 5.72 : 
9.89 9.98 
15 4.82 | 4.33 | 4.36 5.57 4.40 5.65 
9.89 9.87 
| | 10.021! 9.86t 
8.89* 
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TABLE 


SPLITTING CONSTANTS THE STATE 


9.96 0.0000 4.98 


Values parentheses are very uncertain. 


Using for half the average sum determined previously and averag- 
for each value, the left-hand side Equation may plotted against 
3/2. Here, approximate value for under the square root, the value 
used. The slope the resulting line gives approximate value 
and therefore which may improved repeating the procedure reintroduc- 
ing the new value the square root. The results this procedure are collected 
the third column Table IV. For the first five vibrational levels indis- 
tinguishable from but decreases rapidly for the higher vibrational levels. For 
the plot the left-hand side Equation does not lead straight 
line and cannot determined. This apparently related the fact that 
this case strong perturbation occurs for and that for higher the sums 


illustration Fig. shows the course the three triplet components 
the level. The observed splittings are represented circles, the calculated 
values using the and values Table the full-line curves, and the calcu- 
lated values obtained assuming the broken-line curves. seen 
that the effect small, but definitely present. For comparison, Fig. the 
corresponding curves for the ground state are shown obtained 
from the data Babcock and Herzberg (3). 

lower state have been determined from the combinations and 
°Q; respectively. Obviously the accuracy these determinations appreci- 
ably less than that Babcock and Herzberg (3), but taking the average from 
all bands quite fair agreement obtained. This shown Table which the 
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(a) 


3 


(b) 


(a) the full-line curves correspond Formula including while the broken-line 


curves correspond the same formula, but neglecting 
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splittings obtained from the bands are compared with those obtained 
from the bands and with the still more accurate ones obtained from 


TABLE 
From the ultra- From the red From the 

1.93* 4.02 1.876905 3.961141 
1.94; 1.952 1.949663 2.084428 
2.05; 2.012; 1.9885 2.011715 
1.90 2.064; 2.061546 1.921836 
1.85 1.880; 2.1006 1.880165 
2.09; 1.89 2.124, 1.859; 2.120525 1.860859 
1.844, 2.139185 1.842067 

2.21; 1.784; 2.1940 1.78774 


1From the data this paper. 
Babcock and (3). 
Burkhalter, Anderson, Smith, and Gordy (5) and Anderson, Johnson, and Gordy (1) 


the microwave spectrum. The splitting for which the basis 
Schlapp’s formulae expected about twice the splitting for 
cannot obtained from the atmospheric oxygen bands and has 
only recently been observed microwave line (Anderson, John- 
son, and Gordy (1)). This splitting can principle also obtained from the 
bands, but each the intense bands the appropriate lines which 


occur near the crowded band origin are blends with other lines and the determi- 
nation has very little weight. 


(4) Intensities 

Present (21) has given intensity factors for the various branches 
assumption rotational distortion the cause for the occurrence this for- 
bidden transition. Table the theoretical intensities the two cases are 
given for and taking account the Boltzmann factor (with 
210 The last two columns give the estimated intensities obtained 
from the observed spectra for the 9-0 band. 

the basis rotational distortion the intensity factors the branches 
should vary and therefore the intensity would reach maximum only 
15. addition the branches should far more intense than all the 
other branches (for e.g. should 195 times intense 
Actually the branches are intensity quite comparable that the 
and branches and the maximum intensity all branches occurs about 


| | 
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TABLE 


THEORETICAL AND OBSERVED RELATIVE INTENSITIES THE VARIOUS BRANCHES THE 


Theoretical Observed 
4.15 4.22 9.46 153 
0.622 0.915 0.630 0.786 
1.12 1.062 0.622 


*Values from blended lines are marked asterisk. 


the value expected for spin-orbit interaction 7). This and 
the presence some the and S-form branches would appear rule out 
rotational distortion the main cause the violation the selection rules. 


the other hand the agreement the observed intensities with those pre- 
dicted the basis interaction far from satisfactory. While the 
dicted, the branches and which should about four times stronger are 
respectively only slightly stronger and very much weaker than the and 
branches. The branch which should absent according 
coupling definitely present, even though with small intensity (about the same 
addition, the and branches, which should about intense 
the and branches, are observed much weaker with the exception 
the branch which least the and bands becomes comparable 
For lower values the intensity the branch much less than 
that The intensity the other and branches low for all 
values and they have not been observed for the weaker bands 6). The two 
branches and which the basis Present’s formulae should ex- 
tremely weak except for the lowest values, have been observed for some the 
bands high with intensity comparable and 


The reason for all these discrepancies must apparently sought deviations 
the coupling from that assumed Present his calculations. may 
expected that for high values near the dissociation limit Hund’s case (c) ap- 
proached and that therefore different intensity formulae hold. The increase 
the splitting constant for the last vibrational levels indicative such 
change coupling conditions. 


| | 
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The state case (c) goes over into and state, the latter corre- 
sponding the component. probably significant that the strongest 
the and S-form branches, the only one involving the component. 

more detailed explanation these intensity anomalies will only possible 
when theoretical treatment intensities for intermediate coupling cases has 
been given. 


VIBRATIONAL ANALYSIS, DISSOCIATION 


When the present band system was first discovered the longest wave length 
band was observed 2637A. For lack other evidence this band was 
designated band. Herman (12) has already pointed out that three ad- 
ditional absorption bands occur longer wave lengths. With the much longer 
paths used here three additional bands have been definitely identified and 
measured (see Table I). Again for lack other evidence the first observed band, 
2794A, has been designated 0-0 band. must realized however that still 
fainter bands longer wave lengths may have escaped observation and that 
therefore the vibrational numbering may have raised again.* the other 
hand such additional increase would excluded the identification this 
band system the spectrum the night sky (8, 23) definitely confirmed and 
bands from lower vibrational levels are found emission. 

Table VII the band origins the various bands are listed together with 
the first and second differences, and The accelerated decrease 
shows that representation G’(v) the usual power series would 
only possible including large number terms. The first four levels may 
represented 


or 


must realized that the coefficients these equations, i.€., 
would have slightly modified higher powers were included and would have 
appreciably changed the vibrational numbering had revised (see 
above). 

Similar the case better representation the values can 
are plotted against seen that varies very nearly linearly 
with except for the last two values. more nearly linear variation for the last 
few values can obtained plotting AG? rather than There may 
some significance the fact that the power which has raised give 
linear plot (Fig. just half the power which has raised (Fig. 5). 

The variation and with shown Fig. makes extremely 
probable that the level the last one. Indeed, even with the longest 


*One can however not conclude (as did Herman) from the observation further diffuse bands 
longer wave lengths that there will corresponding bands the system since the 
bands correspond different transition 
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TABLE VII 


BAND ORIGINS THE BANDS 
AND VIBRATIONAL QUANTA THE UPPER STATE 


32.8 
710.95 

37234.84 
675.39 

39.36 
636.03 

38546.26 43.75 

39138.54 49.53 
542.75 

39681.29 57.24 
485.51 

40166.80 67.64 
417.87 

40584.67 
335.78 

40920.45 102.2, 


BG 2.5 

800 
600 
400 
200 4 


addition (circles, heavy curve) the values (AG,, are plotted (crosses, light 
line, ordinate scale right). 
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possible path lengths further bands that might ascribed higher values 
have been found. 


expected from the principle and confirmed the 
observations Herman (12) and Chalonge and Vassy (6) the maximum in- 
tensity the transition lies the continuum joining the bands. 
the other hand the band appears distinctly less intense than the 9-0 band 
(see Fig. 1). This anomaly probably only apparent and due the fact that the 
continuous spectrum overlaps slightly the discrete spectrum because rotating 
molecules with higher values will give continuous absorption longer wave 
lengths than correspond the limit the continuum for Because 
this continuous absorption was found impossible record the spectrum 
the region the band for the longest path lengths used this work. 

The 10-0 band has been observed 15. the position where the lines 
with would expected appears somewhat indistinct very diffuse 
feature. seems very likely that this corresponds the onset predissociation 
rotation. The predissociation limit (i.e. approximately the energy the 
sents upper limit the corresponding dissociation limit. lower limit the 
energy the level (41153 Itisclear that the dissociation 
limit must appreciably above the lower limit since otherwise the centrifugal 
terms raise the effective potential curves sufficiently cause the ro- 
tational levels stable 15. The average between the upper and 
lower limit, 41219 should close approximation the true dissociation 
limit, probably within 

The dissociation energy the molecule usually determined from the con- 
vergence limit the bands which lies 56877 (Gaydon 
(11)) 56859 (Herzberg (18)) depending the extrapolation made for 
the last three vibrational levels. Since the upper state the Schumann—Runge 
bands must dissociate into one normal and one excited oxygen atom 
(Herzberg (14)) one obtains 41009 40991 for the energy required dis- 
sociate into two normal atoms. This value appreciably smaller than 
the dissociation limit derived above for the state; definitely smaller than 
even the lower limit this dissociation limit. The simplest explanation this 
difference that the state dissociates into (or which 
higher 226.5 (or 158.5 than the limit This would 
analogous the well-known fact that the upper states the visible 
bands dissociate into rather than However, unlike the 
case the halogen molecules, the present case such correlation not re- 
quired the correlation rules. For large internuclear distances 
all electronic states are close Hund’s case (c). this case the four known 
electronic states 'A,, yield 1,, 2,; OF; and 1,, states 
respectively. Two atoms the state give Hund’s case (c) according 
four electronic states mentioned can principle result from This 
holds even one includes the upper states the two other band systems that 


| O'LOFIZ | | | | | | | O'GELOE | | | SF908E | | GESTIF 
| WLZT1Z | | L9LEZ | SZLOGS | 1 | LRELLS | | | | | LESLE | | 
| | | | | | | | | | | | E°8Z06E | 
| | | | | | | L9ERT | 619262 | | | | | | | S'99TOF 
| | | | O'LEREST | | | | | | | | O'ESOLE | | G | E1896E 
6'60Z81 | | | | Z°O6ZES | L19FS | | | DELLS | O ISTO" | | | | | | RET6E 
| | | L°E6ETZ | | | | | | | G'REGOE | G19PZE | O'RPGEE | S | 6 6869E | 
| | O' VLEET | | | | | C'OLLOS | | | S THEO" | SESS | | | | 
| | 9'OOSST | 2°Z800Z | | FETLZZ | | | 6'6ZR9Z | | | F'OCTIE | | LCHIFE | | 

O'TESIT | L°6SORT | | | | | SHSLES | | | | | | SFEFLE | | 

Z | GSFELI | | | | | FORGES | | 9'Z6L9% | | | ISITE | | | 
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occur the region the *2{ bands and have not yet been analyzed. 
These two states are all probability *A, thatis, incase (c) 


conclude that crossing over takes place this state with another state having 
the same values and dissociating into violation the non-crossing 
rule. The only alternative appears the assumption that the small extra- 
polation for the upper state the Schumann-Runge bands erroneous. the 
convergence limit the Schumann-Runge bands were really 57087 
instead 56859 difficulty would arise. This would imply change 
the dissociation energy oxygen from 5.080 5.109 ev. order reach 
decision between these two alternatives will necessary toascertain which 
really the last vibrational level the upper state the Schumann-Runge 
bands was done here for the state. Such investigation being prepared 
this laboratory. 


was mentioned the Introduction, the bands have been identi- 
fied the emission spectrum the night sky. For the purpose checking this 
identification and identifying additional bands may useful present 
Deslandres Table the band system based the revised wave numbers the 
absorption bands. This done Table VIII. The wave numbers given, except 
those with are calculated values and refer band origins. The band 
heads will agree closely with these band origins. For the lower state the vibration- 
formula Curry and Herzberg (7) has been used which has been shown 


CONCLUSION 


While quantitative intensity measurements have been made very clear 
from the long paths needed for the observation the bands that their 
intensity extremely low. The individual bands are very much weaker than the 
atmospheric oxygen bands which represent magnetic dipole tran- 
sition. Even the total intensity the whole band system including 
the continuum estimated less than that the red atmospheric bands. 
view this low intensity would appear that the tentative identification 
some bands with high the solar spectrum Babcock (2) 
not tenable. 


Until now the band system here discussed the only observed example 
transition not involving change multiplicity. The extremely small 
transition probability observed for these bands confirms the expectation that the 
selection rule states not combine with states” very strong rule 
even though not rigorous one. 


well known the electron configuration the ground state 


a 
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which, addition the state, gives rise and the upperstates 
the red and infrared atmospheric oxygen bands respectively. The first excited 
electron configuration 
, > 2 2 2 3. . 3 

which gives rise the states 

these states, and are clearly the upper states the Schumann—Runge 
system and the band system here under discussion. appears very probable that 
the upper state the new bands briefly mentioned above and that *A, 
the upper state the analogue the ultraviolet That leaves and 
1A, the above configuration unaccounted for. These two states cannot arise 
from normal atoms (see below), and lie therefore presumably the ‘level 
the state higher. The weak forbidden transitions from the ground state 
the states and would consequently overlapped far stronger trans- 


itions and would exceedingly difficult not impossible observe. Thus all 
the states the lowest excited electron configuration are accounted 


interesting electronic states arising from two normal 
oxygen atoms: 


these the six underlined states have been observed and belong the two 
electron configurations given above. The remaining states have necessarily 
more highly excited electron configurations and are therefore all probability 
unstable. Thus very probable that all stable states arising from normal 
atoms have been observed. 


For very few any diatomic molecules other than and the infor- 
mation about their electronic structure complete for the molecule. All 
but one the transitions which this information based are forbidden trans- 
itions. This state affairs emphasizes the need for further work forbidden 
transitions other molecules. the case further work the higher elec- 
tronic states that give rise strong allowed transitions the far ultraviolet 
appears desirable. 
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SYMMETRICALEY PEACED INDUCTIVE POSTS 
RECTANGULAR WAVE 


GRUENBERG 


ABSTRACT 
theoretical expression derived for the susceptance two symmetrically 
placed inductive posts rectangular wave guide. Universal curves are drawn 
that are valid for all rectangular guides their normal operating range, for differ- 
ent post diameters and offsets. Reasonable agreement has been obtained with ex- 
periments 10.7, 4.74, and 3.20 cm. wave lengths. 

Schelkunoff (1) has worked out expression for the susceptance single 
transverse wire wave guide. His work extended the following apply 
two symmetrically placed inductive posts. Double posts have been used for 
some time the National Research Council for matching purposes. They are 
simpler and cheaper install rectangular wave guide than the usual sym- 
metrical inductive iris. was also felt that two symmetrically placed posts may 
have some advantages over single post. Intuitively, the extent the higher- 
order fields might expected smaller the symmetrical case for the same 
given susceptance. This borne out the fact that second-order mode 
excited this case. thus possible put the matching structure closer the 
load impedance without affecting its susceptance. This is, course, important 
for broad-band matching. 

The geometry the problem shown Fig. Two metallic circular- 
cylindrical posts diameter are placed symmetrically about the center line 
the guide parallel the narrow dimension the inside guide di- 
mensions are and respectively, and the centers the pests are displaced 
distance from the side walls. The susceptance for the dominant 
mode with the electric vector parallel the posts. 


il 


Fic. Geometry double posts. 


will assumed that the current the posts uniform and that, for the 
purpose calculating the fields excited the guide, the currents are concen- 
trated along the axis each post. The latter assumption reasonable long 
the post diameter small compared with the width the guide and long 
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the posts not approach each other thé the guide too closely. From 
the symmetry the problem also that the currents excited the 
two posts will equal magnitude and phase. 

Expanding the wave guide field set orthogonal modes and proceeding 
exactly paper, one obtains expression for the shunt re- 
actance the double posts which similar that for single post, except that 
all the even terms are missing: 


odd m=3 (2a 


where normalized shunt reactance, 


a 


free-space wave length, 

guide wave length for the dominant mode, 

wide dimension the guide, 

offset the posts from the inside guide walls, and 


Schelkunoff does not give the first term which comes from the first mode 1), 
presumably because very small. will retained here because not 
negligible some cases. 

The result given Equation (1) not much practical value because the 
slow convergence the series. 

Following Schelkunoff note that for large values the terms the series 
approach 


(1/m) 


Hence adding and subtracting series such terms, 


where 
1 of Marc —(mmd /2a) 


series that can summed, and the rapidly converging series 


the Appendix shown that, assuming and d/2 —d/2 
(i.e., posts not touching the wall nor each other), 


(4) 


odd m=3 m 


approximations are justified without seriously affecting the result. This leads 
(see Appendix) 
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where wave length near which rectangular wave guides are normally 
operated. 

With the above approximations, the normalized susceptance the posts can 
obtained from the relation 


where 


and 
100 
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Fic. Theoretical susceptance double posts. 


214 

Oe 
‘e 
| 
.07 | 
° .05 10 15 .20 .25 30 
VA 
04 
02 | 


GRUENBERG: INDUCTIVE POSTS WAVE GUIDE 


Theoretical Curve for 
Experimenta! Points: 
RG 50/U qide 


quide 


Fic. Post susceptances experiment. 


most cases close enough that, for given post diameter and offset, 
the susceptance varies linearly with the guide wave length. Even differs from 
10%, the corresponding change only between and 4%. 

Curves the functions and are plotted Figs. and Fig. gives uni- 
versal curves for the post susceptances function post offset and post 
diameter for wave length 1.4 

Fig. shows comparison between some experimental results and theory. The 
accuracy the experiments was probably not better than 5%. Nevertheless, 
there seems reasonably good agreement between the experimental results 
for different wave guides and frequencies. 

appears, then, that the above simple theory yields values for the susceptance 
double posts which are generally too low—perhaps about 10%. Better 
results can probably obtained variational methods using cosine and sine 
terms addition the constant assumed for the current distribution the 
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posts. However, for most practical purposes where the posts are used for correct- 
ing mismatches wave guides, the above theory sufficiently accurate. the 
voltage standing-wave ratio corresponding the mismatch less than 6.0, 
10% error the matching susceptance will still allow final standing-wave ratio 
1.2 less. the original voltage standing-wave ratio less than 2.6, the final 
voltage standing-wave ratio will better than 1.1. 


APPENDIX 
Schelkunoff (1) quotes the formula 


mevenMm m 2 


subtraction the series odd terms becomes 


Hence, 
odd 
and, 
odd odd 


because the system. This allows one write 


with little error. Hence Equation (3) can written the form Equation (5). 
Equation (4) can written the form 


Pain 


cot 


odd m= 3m 
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with and previously defined, and For standard wave guides 
operated the normal frequency range and hence 2/9 for all 
terms Expanding the above expression terms (a/m)*, and omitting 
higher-order terms, leads 


oo 1 2 1 3 2 = 


The term negligible compared with unity except the first the 
first two terms the series. Furthermore, considerably smaller than 
normal applications. Negligible error introduced, therefore, replacing 
some mean value this term. Rectangular wave guides are normally operated 
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THE DYNAMICAL THEORY MAGNETIC MONOPOLES' 


ABSTRACT 


The theory electric charges and magnetic monopoles has been set 
Dirac expressing the electromagnetic field tensor terms one four-poten- 
tial and the variables describing the strings attached each magnetic mono- 
pole. this reformulation Dirac’s theory the field tensor expressed terms 
two four-potentials, one corresponding charges and the other monopoles, 
and the aetion principle for the equations motion set terms the two 
four-potentials and the tensors dual them. Thus there formal symmetry 
far possible the treatment the charges and the monopoles. Also the 
mathematics direct and neat. Though the physical content the same that 
Dirac, natural generalization the Fermi form electrodynamics subject 
the restriction that the same particle cannot have both charge and monopole 
obtained here. 


INTRODUCTION 


generalization the usual electrodynamics has been obtained Dirac 
(1,2) assuming the existence magnetic monopoles addition electric 
charges. consequence this theory that all the electric charges must 
integral multiples certain unit charge and that all the magnetic mono- 
poles must integral multiples certain unit monopole. The large value 
the quantum monopole required the theory may explain why monopoles 
have not been found nature. Though the theory provides possible explana- 
tion the quantization electricity observed nature, not com- 
pletely satisfactory that does give the magnitude the electric 
charge. 

Dirac (2) has set dynamical theory the motion electric charges and 
magnetic monopoles interacting with electromagnetic field expressing the 
field tensor terms one four-vector potential and the variables used 
describe the strings attached each monopole. This method splitting the 
field seems rather artificial, and shows lack symmetry handling charges 
and monopoles. Further, the mathematics complicated having deal 
with the two-dimensional sheets swept out the strings terms Gaussian 
coordinates. the present paper, the device the strings eliminated. The 
field tensor expressed terms two four-potentials, one corresponding 
the charges and the other the monopoles. The action principle for the 
equations motion then set terms these two four-potentials and 
the tensors dual them. With this method, formal symmetry between charges 
and monopoles achieved far possible, and the mathematics becomes 
direct. 

The limiting process used deal with the infinities the equations 
motion, and the method canonical formulation are taken over from Dirac 
(2). Since the details these techniques are omitted here, the present paper 
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must read conjunction with that Dirac. examination the equa- 
tions motion shows that the limiting process does not allow the same par- 
ticle have both charge and monopole. Subject the restriction just men- 
tioned. the present treatment provides natural generalization the Fermi 
(4) form electrodynamics which the subsidiary equations governing the 
potentials play essential role. The physical content, however, the same 
that Dirac (2). 


THE CLASSICAL EQUATIONS MOTION 


The familiar relativistic notation Lorentz space used below. Note, how- 
ever, changes notation from Dirac (2). Four-vector notation used when- 
ever convenient. The scalar product two four-vectors a,, denoted 
(a, b). the proper-time, and dot denotes differentiation with respect 
The typical particle point, whether that electric charge magnetic 
monopole and its velocity The world-point x,, and the operator 
differentiation denoted The tensor dual the electromagnetic 
all its indices and such that Other dual tensors are also formed 
with the help The following relations satisfied are used below 


where the are Kronecker symbols. written for the Dirac function 


The classical scheme equations motion consists 


for the field, 


for charge, and 


for monopole, where denotes the sum over all the charges. The usual infi- 
nities the equations motion are avoided limiting process, which 
introduces the field quantity U(x) associated with according 


The function which approximates 6(x) and tends the limit, 
left arbitrary except state those properties necessary put the equations 
motion into canonical form. Equation (2.2) equivalent 
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the ordinary electrodynamics with electric charges only, the field tensor 
satisfies the equation Hence itis simple six-vector, and can 
expressed terms one four-potential the usual manner. This not true 
the present case, and the field tensor general six-vector. Then split 
with respect the symbolic four-vector according 


(2.6) = + Bae Gh, +- 0,A , 
where 

(2.7) 

(2.8) 

From (2.7), let 

(2.9) Ge (0,B, x 0,B,), 


where 

(2.10) 

Thus, from (2.6) and (2.9), one has 


The above method splitting F,, can then introduced into the equations 
(2.1) (2.5). The equations corresponding (2.8) and (2.10) 
are introduced subsidiary conditions. These subsidiary conditions are 
essential with the Fermi (4) form electrodynamics considered here. But 
electrodynamics can built without using these subsidiary conditions, 
Dirac (3) has done recently. 

and satisfy the equations 


With the help the Lorentz invariant function J(x), defined 


‘0 xo < 0, 


4 
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the retarded potentials are 


respectively. Hence clear that for the equations motion (2.3) and (2.4) 
not involve infinities, the same particle cannot have both charge and 
monopole, and the world-lines the charges should not cross the world-lines 
the monopoles. 


THE ACTION PRINCIPLE 


The action integral which gives correctly the equations motion the 


(3.1) 


The property necessary deduce the equations motion 
from this variational. 


The quantities varied the above action function are the particle 
variables and the field variables (x). Such variations in(3.1), (3.2), 
and (3.3) give 


(3:7) 613 = Zoe) to" (AB, 0,B,) x= 262" + ds. 
The variation the first term (3.4) gives 
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The variation the second term gives 


The third term (3.4) gives, addition the contribution due the 
variations and contribution due the variation the 
world-lines the particles. The first contribution conveniently obtained 


writing the integrand and gives 


The second contribution due the variation obtained writing the 
according (2.1), (2.2) (as can also seen from (2.17) the operation 
these quantities just equal the operation the same quan- 


tities. From (2.13) and (2.5), one gets 


with the help these results, the second contribution 


Thus, 


The total variation obtained adding the expressions (3.5) (3.11). 
The field equations (2.1), (2.5) are obtained correctly equating the coef- 
ficients and zero. The particle equations (2.3), (2.4) are ob- 
tained equating the coefficient the corresponding zero. The field 
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equations are obtained first independently (3.11), that their subsequent 
use evaluating (3.11) justified. 

order that the momenta conjugate and tothe dual may not 
vanish, necessary add the above action integral, Fermi (4) has 
done, further term 


Since 


this contribution does not affect the equations motion view the sub- 
sidiary equations (2.14). 


THE CANONICAL FORMULATION AND QUANTIZATION 


The canonical formulation follows closely the methods Dirac (2). The 
action integrals are stopped space-like three-dimensional surface 
Sp, where the particles are supposed out existence, while are 
stopped much later surface where the field supposed out 
existence. Then, from (2.15) and (2.16), the region between and 
tions A(x) OB(x) are arranged hold even the points where 
the particles out existence. Under these conditions, the Fourier expansions 
for the potentials are 


A, (x) ak, A, (x) 2, ah 
(4.1) 


where obtained the Fourier resolution y(x). the region between 
and the subsidiary equations (2.14) become 


The action integral bounded above now varied allowing vary but 
not Sy. The boundary terms from and together are 


where the total variation the point where the particle goes out 
existence. forming the third term (3.4) describing the interaction 
the field the charges with the field the monopoles becomes 


4 
q 
q 
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provided that sufficiently far from Sp, that y(x x’) for 
earlier than and Jater than Sp. The boundary contribution from and 
the remaining two terms 


where element the surface over which the 
integral taken. The expression (4.5) evaluated terms the Fourier ex- 
pansions (4.1) gives, after discarding terms which are perfect differentials, 


where bar over any quantity denotes its conjugate complex. 


The canonical coordinates and momenta can written down from the 
boundary formula. Hence, the fundamental Poisson Brackets (P.B.’s hereafter) 
are 


with all the other P.B.’s vanishing. The Hamilton-Jacobi equations are 

for each electric charge, and 

for each magnetic monopole, where the potentials A(z), B(z) are given 


(4.1). The subsidiary equations (4.2) provide the Hamilton-Jacobi equations 
for the field, which are, terms Fourier components with 


—i(k,z) 


(4.10) 


All the Hamilton-Jacobi equations (4.8) (4.10) are seen self-consistent 
verifying that the their left-hand sides all vanish. 

The varied point the new can reached more than one path. 
The action integral single-valued only the second path can continuously 
deformed into the first such way that during this deformation process the 
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path has the same initial and final values and satisfies the equations 
motion. The second path charged particle which loops round monopole 
cannot continuously deformed into direct path because the deformed path 
must not pass through the monopole. similar situation holds for the path 
monopole looping round charge. Therefore the action integral considered 
above many-valued. 

The uncertainty the action integral calculated follows. During the 
variation the path particle round second particle the world-line the 
varied particle sweeps out closed two-dimensional surface lying and 
enclosing the second particle. The change the action integral due this 
looping process arises from the term (4.4), which, from (3.11), leads ex- 
pressions the form 

where element the two-dimensional surface (In forming the 
smooth family functions where the parameter the family and 
monopole once, then the first integral the right-hand side (4.11) 
Similarly, encloses charge once, the second integral the right- 
hand side (4.11) The surface may enclose particle more than once, 
and may enclose several particles the same time. When all these factors are 
taken into account, the total uncertainty 
(4.12) 
where m,, arbitrary integral coefficient and the sum taken over all the 
charges and monopoles 

The transition the quantum theory from the above canonical formulation 
carried out the usual rules. The P.B.’s provide the commutation relations 
for the operators corresponding the dynamical variables. Since the Hamilton- 
Jacobi equations provide the Schrédinger equations the quantum theory, 
the wave equations for the charges are similar those for the monopoles 
the present theory. The uncertainty (4.12) the action integral leads the 
quantization charges and monopoles the work Dirac (2). 

indebted Miss Lorraine Ourom for help with the manuscript. 
thanks are due Dr. Herzberg for kind encouragement and research 
facilities, and the National Research Council Canada for financial sup- 


port. 
Note added proof. Some the work recently announced Melvin (5) 


seems similar scope the above. 
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SPINORS THE DYNAMICAL THEORY 
SPINNING 


SHANMUGADHASAN? 


ABSTRACT 


The correspondence between self-dual six-vectors and symmetric spinors the 
second rank used put into spinor form the rotational equations motion 
particle analogous pure gyroscope symmetrical top. These equa- 
tions are then split into equivalent system equations terms spinors 
the first rank. The Lagrangian each system set up, and the canonically 
conjugate variables obtained from terms covariant spinors. But the 
cal variables, being not all independent, lead weak equations the sense 
Dirac. Therefore, Dirac’s generalized Hamiltonian dynamics used the 
canonical formulation terms Poisson Brackets. The detailed discussion the 
symmetrical top case shows that, though the fundamental Poisson Brackets for 
the total spin angular momentum and the are the usual ones, those Poisson 
Brackets involving the derivative the ‘‘spin’’ are not unique. 


INTRODUCTION 


The quantization the classical theory spinning particles has been con- 
sidered two previous papers (2,3). For this purpose the Poisson Brackets 
(P.B.’s hereafter) the rotational variables have been obtained paper (3) 
setting the variational principle for the rotational equations motion. 
The two cases particular interest are those which the rotational behavior 
found that quasi-coordinates are necessary formulate the action function 


covariant vector tensor form. The canonically conjugate variables deduced 
from this action principle are not vector tensor form, and therefore the 
basic not exhibit their Lorentz invariant nature. 

known that there one-one correspondence between self-dual six- 
vectors the complex three-vectors arising from them and the two-component 
spinors van der Waerden. Therefore the rotational equations motion can 
written terms spinors. The Lagrangian for these equations can set 
terms spinors without using quasi-coordinates. Then the canonically 
conjugate variables are spinors which show explicitly their Lorentz invariance. 
The momenta deduced from this Lagrangian are not independent functions 
the velocities. Therefore the dynamical theory involves strong and weak 
equations the sense Dirac (1). The further discussion then follows the 
generalized Hamiltonian dynamics considered Dirac (1) deal with such 
systems. 

The canonical formulation the case the symmetrical top displays all 
the interesting features Dirac’s theory. The for the total spin angular 
momentum and the which are the usual ones, always remain the same 
and independent the representation used. But the P.B.’s involving the 
derivative the ‘‘spin’’ are not unique since they depend the choice the 
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Hamiltonian and the representation. When the two invariant squares the 
tensor are strongly constant, and the two invariant scalar products 
the tensor and its derivative vanish strongly, the P.B.’s obtained 
here agree with those previously obtained paper (3) under the same condi- 
tions. 


SPINOR FORM THE ROTATIONAL EQUATIONS MOTION 


The tensor notation (with Greek indices) and the complex three-vector 
notation used below are exactly paper (3), unless otherwise stated. Latin 
indices taking values are used spinor indices. summary the two- 
component spinor formalism found Taub (4), but the bridge spinors used 
Taub connect tensors with spinors are different from those used below. 
The following conventions may noted explicitly. The antisymmetric 
spinors and defined 


€ = = — = 1, € = = = 0, 


are used for raising and lowering undotted spinor index according the 
formulae 


i ij 
a = a; = 


the three-vector from the self-dual tensor obtained from S,,, then the sym- 
metric spinor s;; corresponding this three-vector (or self-dual tensor) has 


the components 


The spinor corresponding tensor denoted the corresponding lower 
case letter with Latin indices. Scalar products and invariant squares 
symmetric spinors such and are written (sf) and respect- 
ively. 

discussing the Hamiltonian dynamics the systems under consideration 
the present paper follows the methods and terminology Dirac (1). Two types 
equations occur the theory, and they are distinguished writing the 
weak equations with the usual equality sign and writing the strong 
equations with the sign 

Consider the rotational equation for pure gyroscope 

With the help (1), equation (2) takes the spinor form 
Since s;; symmetric, can split the form 
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where are spinors the first rank. Since 


the splitting (4) subject the condition 

and equation (3), one gets 


arbitrary scalar parameter. Hence 


with arbitrary scalar. The corresponding equation for 


Thus equations (7) and (8) together are equivalent equation (3). 
Consider now the rotational equation motion symmetrical top 


terms spinors, equation (9) becomes 
before, equation (10) leads the equation 
the equivalent form 


equations 
(11) a; + iKa’s;; = iCa’f — = 0, 
(12) b; + iKb’s;; iCb’ fj; + ub; = 0, 


where arbitrary scalar parameter. 
HAMILTONIAN DYNAMICS THE PURE GYROSCOPE 
Consider the Lagrangian 
Equations (7) and (5) are obtained taking and respectively Lagran- 


gian coordinates. The momenta corresponding the coordinates a;, defined 


— 
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equation (5) treated supplementary equation and not counted 
coordinate. Hence the P.B. relations for a;, are 


(14) = [a:, a;] = 0, [b;, bj] 0, 
that 


may noted that the equations motion and the canonical variables can 
obtained using standard methods from variational principle based 
the Lagrangian (13). 

The Hamiltonian the system given 


Since the only weak equation involving coordinates and momenta the one 
corresponding (5), the Hamiltonian the system 


With this the equations motion (3), (7), and (8) can obtained from 
has zero P.B. with should the case for the consistency the weak 
equation (5). 

The P.B.’s (15) are the spinor equivalent the P.B.’s for the total spin 
angular momentum tensor used papers (2,3) for the pure gyroscope. 
Relations the type (14) and (15) have been postulated Wessel (5) 
another context. 


HAMILTONIAN DYNAMICS THE SYMMETRICAL TOP 
The Lagrangian 
gives the equations motion (11), (12), and (5) taking a;, and 
respectively coordinates. For instance, since 


where the are Kronecker symbols, the Lagrange equation 


which equation (11). The momenta conjugate a;, respectively are 


Since the momentum conjugate zero, best not count co- 
ordinate and treat the equation which gives (5), supple- 
mentary equation. 
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follows from (18) that 


the terminology Dirac (1), equation (20) weak equation, the 
supplementary equation (5) treated weak equation, for which 
consistent (19) gives the further weak equation 


(21) 
The spinor n;; corresponding the total spin angular momentum 
Hence 
From (18) 


Since 
and similar relations, and can written the form 


(26) Nig = Sij i(c,b*a,a, = d,a‘b,b;) /a,b', 


k k 
where (19) has been used (27). From (25) and the definition (22) for one 
plus half the sum the right-hand sides (24) and (26). obtained 
using (24) and (23) consists half the sum the right-hand sides (25) and 
(27). The expressions (26) and (27) for and are completely consistent 
with the definitions (22) and (23). The expressions for the dynamical vari- 
ables terms coordinates and momenta are not unique because the 
occurrence weak and equations. 


The Hamiltonian the system given 


(27) 


with suitable coefficient determined below. extra term the form 
added the right-hand side (28), the consistency the 
weak equations (5) and (20) demands that zero. The basic P.B.’s the 
system are 
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d;| = bj] = 0, [di, dj] = 0. 


the basis (29), any one the expressions (25) (27) for gives 


(29) 


With the help these results, easy check the consistency the weak 
equations (5) and (20). Since 


the weak equation (21) consistent, provided that (28) chosen 
From equation (4) one has 

where Since from (11) and (31) 

follows from (32) that 


Similarly 


The application the usual Hamiltonian equation motion P.B. notation 
gives, with the help the analogue (30) for 


which correct view (34). The similar equation for agrees with (33). 
Moreover, 


= = 2Cf + 2iub; 2iv(c; b;) + /2a,b' 
2Cf ob 2iud; + ,,b’ + 
where the last equation used the reduction. This equation just the 


correct equation motion (11). 
With the help the basic (34), one obtains either with (24) with 


(26) 


q 
q 
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which are equivalent the P.B.’s used for S,, and N,, paper (3). The 
P.B.’s involving 

irrespective the use expressions (25) (27). But (24) and (25), (24) 
and (27) lead 
while (36) and (22), (26) and (27), (26) and (25) lead 
This keeping with the remarks below equation (27). The P.B.’s (36) and 
(38) are different from the corresponding P.B.’s for S,, used paper (3). 


any two quantities and the formula 


These P.B.’s make for any one uses the new starred 
one can assume that and vanish strongly, and these strong equa- 
tions can used simplify the Hamiltonian. 


The new basic P.B.’s are, with the help (29) and (39), 


for any function the coordinates and momenta. This 
can verified directly using (40). Since the new scheme the 
simplified Hamiltonian used conjunction with the P.B.’s (40) becomes 


with given (31). 

The starred for the variables and s;; are again the same (35). 
The involving irrespective the expressions used for the variables, 
are 
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The action principle paper (3) subject these strong equations because 
the representation used for and The agreement the (41) with 
those paper (3) expected. 

paper (3) the P.B.’s involving the components have been deduced 
postulating the fundamental 


(equivalent (35) above), and then using the connection 
permutation symbol antisymmetric all indices with Since (s, need 
not strongly zero 

(equivalent (23) From (42) and (43) the P.B.’s [s,, and are 
obtained solving the equations 


(43) 


Hence 
where and are arbitrary parameters. With the help (45), ob- 
tained the solution 

Hence 
where the same parameter (44). Note that (44) and (46) give 
The P.B.’s (36) and (38) correspond (44), (45), and (47) with while 
(37) corresponds (45) with The (41) correspond the 
The Hamiltonian 2C(s, and the P.B.’s (44) (47) give 


correctly the rotational equation motion (9). Also But 
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(41) agreement with the results paper (3). 
The P.B.’s (36) take the tensor form 


where 
The tensor equivalents the P.B.’s (41) are 


where above and 
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BALLONS MATIERE PLASTIQUE 
FABRIQUES PAR NOUVEAU PROCEDE! 


SOM MAIRE 


Nous décrivons nouveau procédé soudure des thermoplastiques, 
adapté fabrication des ballons partir des feuilles minces 
Polythéne. procédé continu multiple emploie fil rougi électriquement, 
logé dans appareil sans parties mobiles. permis faire 
procédés lancement ces ballons ont été simplifiés. forme optimum 
ballon dans des conditions assurant intégrale matériel 
contour hexagonal autour cercle. Nous présentons une col- 
lection formules relatives ces ballons, une étude sur les tensions sur 
résistance qui conduit envisager possibilité réaliser des 
ballons ouverts faible poids capables plafonner des pressions résiduelles 
inférieures 0.001 atmosphére, condition d’employer des feuilles épaisses 
quelques microns d’une matiére trés solide comme nylon. 


INTRODUCTION 


Les études sur météorologie sur les rayons cosmiques haute altitude 
sont faites depuis quelques années, surtout ballons caoutchouc 
naturel artificiel fermés, qui dilatent mesure montent, jusqu’au 
point ils crévent, tels que ceux Cie Dewey and Almy Cambridge, 
Massachusetts. Cependant depuis 1948, Cie General Mills Minneapolis, 
Minnesota, avec projet Helios, mis point des ballons ouverts 
grande capacité qui, comme les sphériques populaires autrefois, montent per- 
dant gaz plafonnent sans crever, lorsque poids déplacé égale 
poids total enlevé. Ces ballons sont faits Polythéne, polymére 
préparé partir gaz naturel par condensation température pression 
élevées, par Cie Dupont aux Etats-Unis. Ces ballons ont permis dés leurs 
envolées, découverte des particules primaires lourdes radiation 
cosmique, laissant des plaques photographiques spéciales longtemps 
une grande altitude, pression résiduelle est environ 0.01 atmosphére. Ces 
ballons sont pas disponibles dehors des Etats-Unis sont fort cofiteux. 


procédé employé Minneapolis consiste tailler des fuseaux dans des laizes 
Polythéne épaisses 0.001 pouce larges probablement métres, 
puis les souder soudure fait chauffant les deux bords 
joindre, tenus ensemble superposés. Les détails manquent sur les méthodes 
exactes employées, sauf qu’on réalise joint plat, probablement 
fer chaud (3, 5). 

Heitler King (4) Bristol, ont décrit 1950 fabrication tels ballons, 
par procédé soudure fer chaud. ont réalisé une sorte petit chariot 
qui avance par tapis sans fin formé d’une lame cuivre mince, qui sert 
somme comme chenille auto-chenille, sur les bords joindre. tapis 
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est chauffé soude les feuilles mesure qu’il avance. Ils employent une feuille 
simple épaisse 0.002 pouce, large pouces. ont fait des ballons hauts 
100 pieds, proposent des ballons 200 peut-étre 400 pieds. 


PREMIER PROCEDE, SOUDURE FLAMME 


Nous avons fabriqué 1950 deux ballons, six huit fuseaux respective- 
ment. Les fuseaux ont d’abord été taillés dans des feuilles Polythéne CIL, 
épaisses 0.0015 pouce environ, selon patron destiné donner sommet 
forme sphére, raccordée tel que hauteur soit moitié plus grande 
que diamétre. Cette forme reproduit celle des ballons 733 General Mills. 
Les fuseaux nécessaires ont contour sinusoidal sommet triangulaire 
base. Prés sommet, largeur est donc proportionnelle sin (distance 
sommet/d), valeur étant voisine longueur fuseau. 


Les feuilles étaient réalité doubles, les produit effet sous forme 
tubes, qu’on aplatit ensuite avant les enrouler. sorte, est facile 
tailler fois les deux bords d’un fuseau. les d’ailleurs taillés tous ensemble, 
les tubes nécessaires étant superposés. Puis les soudés flamme, suivant 
cela suggestion Mackenzie Compagnie CIL. Les deux bords 
souder sont placés ensemble plat entre deux régles métal, laissant dé- 
border une marge mm. promenant une flamme longue cm. en- 
viron, chauffe les deux bords, qui fondent, reculent jusqu’a régle 
soudent bourrelet. Polythéne effet ramollit fond aux environs 
120°C. procédé est excellent mais laborieux. réclame une personne habile 
une attention constante pour placer les bords sous les régles pour promener 
flamme. flamme peut remplacée par fil chauffé électriquement. Les 
procédés soudure Polythéne sont discutés par Ryan (6). 


SECOND PROCEDE, NAVIRE FIL CHAUD 


divers tatonnements, nous avons finalement mis point procédé 
soudure continu multiple, spécialement adapté fabrication des ballons, 
permet d’accélérer considérablement. est fondé sur principe apparem- 
ment nouveau dans domaine soudure des matiéres plastiques. Les feuilles 
sont tirées travers appareil sans parties mobiles, les fuseaux sortent 
taillés soudés formant les déploie, ballon entiérement fini 
sauf une soudure allant d’une extrémité une petite région prés 
chaque extrémité. 

L’élément qui taille qui soude est fil rougi électriquement, passant dans 
des trous percés dans deux plaques cuivre légérement espacées qui doivent 
rester froides cours fonctionnement. Deux feuilles tire ensemble entre 
les deux plaques rencontre fil sont échancrées arrivant vis vis des 
trous, par chaleur, qui les soude bourrelet part d’autre fil. 
fil agit comme une flamme, les feuilles fondent reculent jusqu’au bords des 
trous. bourrelet colle pas métal refroidi, glisse sur lui contraire 
tire normalement avec feuille sans qu’il mesure qu’il forme. 


L’appareil complet présente tels éléments étages, compris entre 
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Fic. Navire pour soudure multiple continue Polythéne d’autres 


Bloc supérieur laiton hexagonal. 

Vis tenant les fils chauffants. 

peut avoir trois fils chauffants. 

Trous laissant passer les fils 

Vis fermant des trous 

Canaux formés par des trous dans les lames, les lamelles, les blocs 
laiton pour refroidissement. circulation est marquée par des fléches. 


Tiges laiton filetées aux extrémités, trous les recevant. Ces tiges serrent ensemble 


les blocs laiton, les lamelles, les lames. L’échanchéité est assurée faisant circuler 
glyptal rouge une fois assemblé, puis égouttant laissant sécher 
avant faire passer 

Lames cuivre rouge épaisses 1/16 pouce 1.59mm. lames numérotées 
bas haut, seulement quatre lames sont répresentées sur deux lamelles sur 50. 


10. Lamelles cuivre rouge épaisse 1/32 pouce 0.794 mm. 
11. Petite table aluminium également percée des trous 12, 12’. Tubes vissés 


pour sortie dans bloc inférieur laiton hexagonal 13. 


15. Trous pour sortie reliés 12’ 7’. 

16. Ressort, galvanisée, gardant fil chauffant tendu malgré ses dilatations. 
17. Vis fixant ressort isolement. 

18. Blocs laiton serrant inférieure fil 

19, 20. Fils amenant courant d’une part ressort, d’autre part masse. 


Figure sensiblement sauf que des lames lamelles est exagérée. 
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plaques cuivre, traversées par méme fil chaud. Chacun ces étages peut 
recevoir une paire feuilles couper souder.* Les plaques cuivre 
lames, épaisses 1/16 pouce, sont tenues espacées par petites plaques 
étroites cuivre /amelles, placées derriére trou fil chauffant, épaisses 
1/32 pouce. Les lames les lamelles sont percées trous servant les aligner 
faire circuler refroidissement; elles sont saisies entre deux blocs 
laiton hexagonaux, convenablement percés aussi. L’appareil, qui est fixé une 
petite table d’aluminium, est figuré dans ses détails Fig. 

procédé n’a servi jusqu’ici qu’avec Polythéne. Cependant d’autres ma- 
tiéres thermoplastiques, comme nylon lucite, pourraient probablement 
étre soudées son aide. Nous pas essayé avec des feuilles épaisses 
plus quelques milliémes pouce. 


matériel venant sous forme d’un tube aplati suggéré 
pareil fagon suivante (Fig. 2). tire fois autant tubes qu’il aura 
fuseaux. Chaque tube passe part d’autre d’une lame cuivre 
pareil. Tous les tubes par chacune leurs parois, touchent autre tube, sauf 
ceux haut bas, qui n’ont chacun qu’un voisin. Les tubes sortent soudés 
cause ressemblance, cours cette opération, avec une 
barque fendant une nappe liquide, été appelé 


Fic. Action fil soudeur. Avant. Les tubes enfilés autour des lames touchent chacun par 
une paroi tube voisin. fil chaud coupe ensuite les parois rencontre forme 
bourrelet, rencontre deux parois touchant, les soude seul bourrelet. Aprés. 
lieu quatre tubes deux soufflets présentant trois soudures deux bourrelets—en haut 
bas—non 


pourrait donc tirer fois paires feuilles qui sortiraient taillées soudées 
chacune selon deux bourrelets, faisant ainsi fois 100 soudures. 


AVANT 


A} 
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Polythéne entre donc sous forme tubes distincts, sort sous forme 
deux soufflets présentant chacun Lalongueur totaledessoudures 
exécutées simultanément est 2(m étant longueur des tubes. Nous 
avons réussi faire ainsi soudures simultanées, 30, dans temps voisin 
quatre heures tous arréts compris, sur une longueur pieds, une lon- 
gueur totale 3700 pieds. 


théorie soudure mettrait oeuvre les principes conduction 
chaleur, capillarité. Pour certaines conditions mal comprises, bourre- 
let est dentelé, qui résulte analogues formation gouttes 
dans filet liquide. Avec navire étages, servant faire plusieurs soudures 
fois, soudure était plus solide prenait fil chauffant fin. 
servait pour faire une seule soudure fois, obtenait meilleurs résultats 
avec boudin fil résistant, plus large, introduit dans les mémes trous. 
vitesse laquelle fait avancer les feuilles dans navire doit pas étre ex- 
cessive, sinon soudure tient pas bien: les deux parois fondues par chaleur 
sont refroidies trop collent pas bourrelet unique solide. 
vitesse permise est d’environ cm. par min. Avec des précautions, arrive 
produire une soudure tout fait solide sans trous, surtout manipule 
qu’un petit nombre feuilles simultanément. Cependant faut dire qu’il 
pas été possible d’éviter absolument tous les trous tous les accidents 
quand tiré plusieurs feuilles fois pour faire ballon. régularité 
déplacement matériel semble étre une condition essentielle succés. 


CONFECTION BALLON 


Voici description notre expérience navire, appliqué réaliser 
des ballons fuseaux ayant forme optimum cylindroconique 
décrite plus loin, partir feuilles épaisses d’un peu moins 0.001 pouce, 
Polythéne, livrées sous forme tubes aplatis larges pouces. 


faut mesurer bandes longueur nécessaire augmentée d’une 
marge 3%. Chaque bande est enroulée séparément sur une baguette bois 
1/2 pouce diamétre, longue pouces, formant rouleau aux bords 
bien réguliers. Les opérations déroulement mesure requiérent des sup- 
ports solides, moteur vitesse réglable, compte-tours relié une roue 
caoutchoutée appuyant constamment sur rouleau original. Les rouleaux sont 
installés chacun dans une paire d’encoches faisant face, dans berceau 
plusieurs étages. tire successivement les tubes les fait passer dans les 
intervalles d’une barriére formée barres laiton horizontales superposées 


une petite distance 


Puis commengant par feuille bas, les enfile dans les espaces 
chaque feuille,—qui est tube aplati—, entourant une méme plu- 
sieurs lames. cété inférieur feuille est enfilé dans trouve 
déja supérieur feuille précédente. Les feuilles ont ainsi été échancrées 
contact fil chaud, chacune été fixée une planchette sortie 
navire, l’aide ruban Durex. finalement plusieurs planchettes super- 
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posées, ajoute mesure qu’on tire nouvelles feuilles, elles sont tenues 
par trou dans une tige verticale métal. 


tire ensuite, saisissant cette tige les planchettes, toutes les feuilles 
fois. départ donne lieu parfois des accrochages, bourrelet ayant 
sir dans certains espaces, s’aide alors mouvements latéraux. Sur feuille 
dessus tracé d’avance patron qu’il faut suivre avec navire. ligne 
tracée peut faire angle, angle d’attaque, avec feuille. oriente 
navire angle position, pendant qu’on continue tirer des 
feuilles. navire peut tourner sur une base bois, celle-ci peut coulisser 
latéralement sur table. 

principale cause d’accident est qu’une feuille plastique, par ses 
s’embarrasse dans bord d’une lame n’avance plus. Dés lors, tension aug- 
mente, feuille peut déchirer sur largeur, parfois elle saute dans espace 
voisin: une soudure alors fait pas, une soudure triple peut alors ap- 
paraitre. faut surveiller constamment les soudures sortie navire, 
défaut apparait, souvent peut remédier avec une spatule plate, des 
ciseaux. Parfois faut tout désenfiler renfiler dans navire. 

traction initiale fait main. peut ensuite s’aider d’une corde 
passant sur par moteur vitesse réglable, qui régularise mouve- 
ment. faut temps autre changer point d’accrochage corde sur 
matériel. saisit celui-ci sur toute largeur entre deux régles serrées fortement, 
car Polythéne glisse facilement, importe que toutes les feuilles avancent 
également. Les paires soufflets obtenus sont entassées sur table sous corde. 
L’opération faite sur deux tables 4m. 1.2 aucun moment n’a 
besoin d’étaler les fuseaux sur toute leur longueur. Voir Fig. 

angle d’attaque élevé rend plus délicate, navire pouvant 
plus facilement. L’expérience nous appris que pour éviter les ac- 
crochages faudrait tirer exactement dans direction des soudures. serait 


Fic. Fabrication ballon. gauche berceau avec des ressorts maintenant alignés les 
rouleaux. porte ici quatre rouleaux, dévidant indépendamment, chaque tube traverse 
intervalle est divisé soudé passage dans navire selon coupe Fig. 
navire peut coulisser sur des pivoter autour axe vertical, pour permettre 
suivre patron tracé pointillé. navire est alimenté par une circulation par 
transformateur réglable, préférence secondaire isolé primaire pour éviter 
les courts-circuits avec sol. Les soufflets sont saisis entre deux régles bois serrées par trois 
pinces réglables, tirés par une corde solide, par moteur non figuré. N.B., les échelles 
sont pas respectées, particulier, berceau devrait étre plus petit. 
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d’ailleurs pas plus difficile suivre contour courbe qu’un contour linéaire. 
Dans les parties d’attaque est nul, navire longe 
feuille, perd nécessairement une petite marge matiére, puisque lame 
cuivre peut pas traverser bord tube. perte, les rouleaux sont 
réguliers bien alignés dans leur berceau, est facilement réduite minimum, 
soit environ cm. sur largeur tube aplati valeur relative sur 
diamétre final ballon. 


Ainsi nous avons fait ballon fuseaux, avec pieds, at- 
bout. Nous avons préparé trois fois six ballons fuseaux, 


Pieds 


Fic. Ballons forme optimum cylindroconique, figures Ballon fuseaux 
supposé plein, avec son appendice, avec les traces des soudures sur long des soudures 
périphériques. Patron, longueur pour tirer tel ballon; les deux portions triangulaires 
sont soudées reste par des soudures périphériques, longueur totale égale périmétre 
fuseaux, avec son appendice, avec quelques éléments géométriques 
leurs valeurs. Patron, longueur pour tirer trois tels ballons. portion triangulaire 
est reliée, pour terminer ces ballons, indiqué, par une soudure périphérique 
longueur égale périmétre Les deux autres ballons sont complets, une fois 
tirés, sauf une soudure toute longueur. Les fléches indiquent comment raccorde reste 
les morceaux triangulaires. est vaut arc 2.3416/n. 


4 
4 
ala 
igne 
des 
sser 
tés, 
ug- 
ace 
ap- 
rde 
ve- 
nt, 
le. 
Lit 
X a ax 
in 
ir 
e 
— 


242 CANADIAN JOURNAL PHYSICS. VOL. 


Pour finir les ballons partir des soufflets obtenus tirant les feuilles travers 
navire, reste des soudures faire isolément. une sur toute lon- 
gueur, que navire est incapable faire dans opération méme temps 
que les précédentes. peut avoir une deux sur circonférence, aussi 
des reprises. emploie encore navire, fagon d’une machine coudre. 
soudure sur toute longueur commence préférence sommet, afin que 
celui-ci prenne, une fois gonflé, une forme tout fait réguliére évitant les sur- 
tensions dans paroi, toutes les soudures rencontrent effet sommet. 


faut ensuite inspecter ballon sur toutes ses soudures sur toute surface 
pour trouver les trous les boucher avec ruban Durex. Aprés expérience, nous 
avons trouvé expédient pas inspecter détail les soudures, mais imitant 
cela pratique General Mills, toutes les couvrir, haut bas, 
ruban Durex, qui bouche les trous sans qu’on ait les chercher qui ajoute 
solidité. Pour ballon fuseaux, ajoute 150 gr. poids. ruban type 
Durex d’acétate cellulose serait peut-étre préférable cause résistance 
mais nous avons employé ruban ordinaire, Cellophane gommé. 
est mouillé, Cellophane quitte gomme, sorte que passage ballon 
ainsi couvert, travers nuage, pourrait Nous avons aussi 
décidé renforcer latéralement ballon fuseaux posant deux an- 
faudrait poser tels anneaux tous les trois pieds 1/2 environ, partir 
sommet jusqu’un peu dessus moitié hauteur, pour obtenir une 
solidité suffisante. Les distances partir sommet sont marquées alors pied 
pied avec vernis rouge, qui facilite manipulation ultérieure ballon 

faut ensuite terminer base fagon recommandée par Moore Smith 
(5). Pour cela, forme anneau diamétre pieds, fil d’acier corde 
piano 1/32 pouce diamétre tenu fermé par ruban Durex. 
aussi appendice tubulaire Polythéne, diamétre pieds, hauteur 
pieds. bas est tenu fermé par d’un anneau circulaire diamétre 
pieds, corde piano pareille. Ces dimensions conviennent pour 10; 
pour 30, mesurait pieds diamétre, fil d’acier mesurait 
1/16 pouce diamétre, avait pieds long. 

L’appendice évite brutale mais doit permettre sortie facile 
sans causer surpression qui pourrait créer des tensions ex- 
cessives dans paroi déchirer; moment ballon prend forme, 
vitesse sortie gaz est quelques métres par seconde. 

charge est répartie symétriquement par six rubans Padoue 
coton tissé, sur sommet réunis noués, dans 
pendice méme, seul ruban plus gros. 


GONFLEMENT LANCEMENT 


Nous avons amélioré simplifié les procédés décrits par General Mills, que 
nous avons employés tels quels. tube gonfle- 
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ment Polythéne, par base, jusqu’au sommet. ballon est étalé sur tapis 
lancement toute longueur, pour réduire vent qui peut 
soulever jeter dans les cailloux dans les herbes, maintient avec des 
sacs sable. gonfle par tube gonflement, introduisant par bout 
une quantité gaz calculée pour assurer force ascensionnelle voulue, dans 
bulle maintenue sol bout. gonflement est rendu diffi- 
cile par distance, peut pas peser bulle pour connaitre directement 
force ascensionnelle. lancement fait aprés avoir étalé tout train em- 
porter sur sol, dans lit vent, enlevant d’un coup tous les sacs sable. 


Nous avons simplifié ces procédés. ballon est plié réguliérement sur 
largeur d’un demi d’un quart fuseau, est ensuite roulé commengant 
par sorte que sommet est déroule juste 
longueur nécessaire pour former bulle, augmentée d’un deux pieds, 
étrangle base avec une bonne corde nylon faisant plusieurs tours. gonfle- 
ment fait travers une incision longue cm., bordée ruban Durex, 
ménagée base bulle. peut tarer bulle, mesurer force ascen- 
sionnelle, avec dynamométre accroché corde, qui sert méme temps 
retenir, connait donc sans équivoque sans mesure préalable des volumes 
gazeux, force ascensionnelle exacte moment départ. L’incision est ensuite 
fermée avec ruban Durex. Les longueurs sur paroi facilitent les 
manipulations. 


reste ballon est déroulé tenu fagon d’un étranglé dans les 
mains plusieurs personnes, vent est sans influence, dispense long 
tapis nécessaire autrement. attache nacelle, train est disposé dans lit 
vent; défait corde qui tenait bulle, qu’on tient main, qu’on 
lache moment voulu. manceuvré ainsi sans difficulté bulle ballon 
fuseaux, qui tirait avec une force nette kg. base. Pour des bulles 
plus grosses, peut prévoir dispositif mécanique retenue 
base bulle. L’enveloppe grand périmétre cet endroit souffre pas 
tout serrée par main par une corde. Nous n’avons pas cherché 
faire lancements par vent plus km. par heure. 


Voici quelques données expérimentales sur fabrication, lancement, les 
propriétés des ballons que nous venons décrire. Ces ballons forme optimum 
cylindroconique sont faits Polythéne CIL épais d’environ 0.00085 pouce. 


Durée fabrication: jour trois personnes. Une semaine six personnes. 
Nombre ballons lancés: 
Longueur ballon étalé: 10.4 31.3 
Volume ballon: 116 m.3 3132 
Poids ballon: 2.8 kg. kg. 
Poids train complet avec 
nacelle: kg. kg. 
Force ascensionnelle nette: 2.4 kg. kg. 


Vitesse 


selon (5): Environ 350 m./min. 


Environ 350 m./min. 
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Vitesse observée départ: Environ 300 Environ 250 m./min. 
(Un théodolithe, mesure (Barométre enregistreur.) 
sous-tendu stadia.) 

Pression altitude prévues 


pour ballon seul son 0.020 atm. 0.00666 atm. 

plafond: 26.5 km. 33.6 km. 
Idem, avec train 0.029 atm. 0.00747 atm. 

complet: 24.2 km. 32.9 km. 


REMARQUES: 
(1) montée s’est faite dans chaque cas tout droit sans agitation latérale. 


(2) ballon fuseaux portait seul anneau ruban Durex, pieds sommet. 
renforcement était insuffisant, tension dans bulle distendu paroi, sans déchirer, 
avant départ, elle sans doute déchirée cours car plafond atteint 
été que kilométres, n’a duré heure demie. Des anneaux 
ruban Durex tous les trois pieds demi donneraient probablement une solidité suffisante. 


(3) Nous avons suivre pendant une demi-heure environ théodolithe les ballons 
permet croire ont continué monter plafond prévu. 


FORME OPTIMUM BALLON 

ballon doit présenter plus grand volume possible pour une surface donnée 
d’un matériel choisi. Ainsi posé générale, probléme conduit adopter 
forme sphérique. Les fuseaux sont taillés selon contour sinusoidal. 
prend fuseau dans toute longueur laize, perd beaucoup 
Si, dans tube déja décrit, taille les fuseaux les uns aprés les autres, 
tous tangents par leur partie sinusoidale, perd moins matériel. 
Cependant serait pas commode prendre ainsi les fuseaux dans procédé 
soudure multiple. 

Nous avons cherché solution probléme dans les conditions suivantes: pre- 
miérement utilisera tout matériel mis jeu. Deuxiémement.on taillera les 
fuseaux selon trois lignes droites seulement. ballon sera alors formé 
portion cylindrique centrale hauteur 2x, terminé par deux hauteur 
deux trois parties, aura une deux soudures faire séparément 
aprés passage multiple dans navire, sur une longueur totale égalant cir- 
plusieurs suite, telles soudures complémentaires sont nécessaires que 
pour seul ballon. Voir les patrons Fig. 

Cherchons par calcul des maxima quelle est alors forme ballon possé- 
dant pour une surface donnée plus grand volume forme étant définie 
par les dimensions trouve qu’il doit exister entre elles proportion 
rayon 


PROPRIETES AEROSTATIQUES, IMPORTANCE 
Voici quelques formules calculées pour forme cylindroconique optimum. 


nombre fuseaux détermine tous les éléments géométriques suppose 
tube large 183 cm. une fois fendu, qui représente largeur maximum 
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fuseau: hauteur ballon ayant pris forme, surface volume 
poids force ascensionnelle brute supposant ballon plein départ 
est pression minimum accessible est Po, rayon bulle supposée 
sphérique capable d’enlever tout juste ballon sans charge supplémentaire est 
supposé invariablement comme gaz gonflement, les 
conditions normales départ, température 0°C. dans extérieur dans 
ballon cours Sauf pour les unités sont métre, kilo- 
gramme, 


0.806 

1.19-n? 

0.116 
(4) 0.206 e/n. 

Eliminons paramétre entre (1) (4): 


derniére relation valant pour une substance ayant une autre densité que 
Polythéne. Pour atteindre une altitude déterminée par une valeur Po, poids 
nécessaire est proportionnel cube feuille employée, d’autre 
part nombre fuseaux nécessaires est proportionnel d’aprés (4). 
Cette relation est importante car elle montre que veut atteindre une grande 
altitude avec ballon ouvert portant une charge faible par rapport son propre 
poids, poids ballon décroit trés rapidement lorsqu’on réduit 
feuille. Une réduction 20% sur diminue poids moitié. 
facteur deux sur signifie facteur huit sur poids, quatre sur 
surface, deux sur longueur. 


Cette observation permet sérieusement possibilité faire pla- 
fonner des ballons ouverts relativement légers faciles manier, avec une charge 
quelques kilogrammes des altitudes jamais encore atteintes par moyen, 
est possible procurer des feuilles matiére plastique comme Poly- 
théne peut-étre nylon, sous des épaisseurs trés faibles. 


Par exemple déja produit des feuilles nylon pesant par m.? 
trouve mention, pour tout autre usage, dans une publication d’Allen 
Dewan (1). Par rapport Polythéne 0.001 pouce, pesant 23.87 gr. par 
gagnerait facteur sur poids, 3.98 sur nombre fuseaux. ballon 


_capable d’atteindre d’atmosphére environ 150,000 pieds, pé- 


serait que Kg., compterait environ fuseaux avec une hauteur 
nylon des propriétés mécaniques qui rendraient probablement préférable 
Polythéne pour cet usage, comme aussi son aux gaz, probable- 
ment plus grande que celle Polythéne. 
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Nous allons envisager successivement ces deux aspects, tensions perméa- 
bilité 


TENSIONS DANS L’ENVELOPPE 


Supposons une bulle possédant axe symétrie vertical. pression est plus 
grande qu’a parce qu’elle diminue avec hauteur plus 
rapidement dans que dans Appelons cette surpression, 
pression extérieure est exprimée métres, que est exprimée atmos- 
phéres, température étant supposée 0°C. 


(7) 1.196 hP. 


Dans les cas pratiques, surpression dépasse pas milliéme pression 
extérieure, sorte est inutile recourir une formule exponentielle valable 
dans cas général. 


Cette surpression tend les parois. Considérons une calotte base circulaire 
rayon située une hauteur force pression sur base 
est Des tensions dans paroi normale paroi fait 
angle avec Les tensions sont exprimées kg. par m., elles 
exercent sur périmétre base des forces qui ont pour résultante verticale 
cos d’ou: 


(8) pAP/2cosa 1.196 


est rayon courbure dans plan perpendiculaire plan méridien, 
p/cosa. tension est comprise dans plan tangent paroi dans 
plan méridien. 

Cherchons maintenant les tensions transversales 72, horizontales, normales 
aux précédentes contenues dans plan tangent (Fig. 5). Pour 
cela déterminons une zone, différence deux calottes comme précédente, dont 
les bases ont des hauteurs dh. Divisons cette zone moitiés par plan 
vertical, définissant par rencontre avec paroi deux obliques 
dh/cosa, avec les bases circulaires, des paralléles horizontaux 
2(p dp). Ces quatre forment trapéze. L’équilibre ces demi- 
zones est obtenu par (i) l’action des forces tension dues demi-zone, 
sur les deux cétés obliques ds; (ii) des forces pression sur paroi cette 
demi-zone; (iii) des forces tension distribuées sur bas pourtour, des 
forces tension distribuées sur haut pourtour; (iv) poids 
cette portion paroi. dernier facteur est sans influence directe, puisque 
poids fait invariablement angle droit avec L’expression premiére 
seconde force est comme suit: 


(9) 
(10) 2pdhAP. 


Evaluons maintenant (iii). tension s’exerce niveau sur élément 
pourtour pdu, étant compté autour vertical. force ré- 


| 
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sultante cet endroit est cosa cette force une composante hori- 
zontale Tip sinadu. projection cette force sur normale plan méridien 
trapéze, contribue seule tension horizontale, elle vaut sina sin du. 
faut intégrer ces projections élémentaires sur toutes les valeurs dans 
demi-tour, avec résultat suivant: 


0 


Cette force est négative elle tend comprimer faire rentrer matériel, 
elle donc signe opposé celui sina, compté positivement 
rayon augmente avec hauteur, i.e. ballon est cet endroit évasé vers 


signe opposé 

ajoutons algébriquement les deux forces précédentes introduisons les dérivées 

Explicitons dérivée, aprés avoir remplacé par valeur, nous rappelant 
que dp/dh tga 


da/dh da/ds ds/dh, =1/cosa, 
est rayon courbure dans plan méridien, rayon courbure dans 


plan perpendiculaire. 

Ecrivons maintenant troisiéme force: 
Ecrivons que premiére force fait équilibre aux deux autres, tirons 

formule donnée habituellement pour dans les traités par exemple celui 
Bouasse (2), pp. 604-605, différe celle-ci deux points. Dans 
suppose que surpression partout valeur maximum posséde 
sommet, second terme pas puisque est supposé invariable. 
Cette formule simplifiée donne des tensions fausses par excés, sauf sommet, 


qui convient pour certains calculs résistance paroi. formule actuelle 
tient compte variation avec hauteur surpression. 
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Pour une sphére, latitude d’un point sur est égale 


minimum nul bas. 


(16) Tmax = 1.196 pi P 


Supposons forme dans ballon forme optimum, une bulle sphérique 
bulle est alors 2.34 lieu 2p; comme dans une sphére. Son méridien d’un 
est 0.595 reste hauteur bulle mesure 1.745 volume est 


48° 11.6’ sont les mémes que dans une sphére. 


Fic. Calcul des tensions transversales dans une bulle possédant axe symétrie 
sommet ballon cylindroconique. 


fe 
0. 6 1.34, 
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Les plus fortes valeurs rencontrent sommet cette région 
(19) 1.042 


(20) 0.847 


horizontal qui délimite une calotte conique est 1.121(2.34 h), rayon 
courbure dans plan méridien est infini, rayon courbure dans plan 
perpendiculaire que nous distinguerons rayon sphére p;, 
Dans cette région les tensions sont 


(21) 1.006 Ph(2.34 pi— 

Les plus fortes valeurs rencontrent base cette région 


Les tensions sont nulles sommet. est maximum base céne, est 


Dans ces calculs nous n’avons fait aucune hypothése sur distribution des 
charges. bulle réelle occupe haut ballon supporte donc par base 
certain poids, tandis que nous avons trouvé des tensions nulles base. L’hy- 
pothése bulle sphérique requiert une distribution spéciale charge. 
Inversement considére forme réelle celle-ci tout étant peu 
prés sphérique dans est trés complexe, elle est plissée méme prés 
sommet dans les ballons téte sphérique, elle est plissée partir base 
région conique dans ballon forme optimum. Les tensions sont plus 
données par les formules particuliéres précédentes: dans région tendue forme 
peut pas étre celle par exemple, bulle peut étre plus aplatie 
sommet, dans région plissée, premiérement les forces verticales sont dis- 
tribuées sur une paroi périmétre accru, qui réduit tension seconde- 
ment tension perpendiculaire doit étre trés faible puisqu’autrement les plis 
disparaitraient. 


réduit surpression dans cette région, qui tend réduire les 
tensions. 


LIMITE RUPTURE PLAFONNEMENT 


Avec une marge pour les approximations les incertitudes dans les calculs 
précédents, admettons que tension maximum dans paroi bulle est 
tension maximum augmente avec dimension bulle.* Comme 
celle-ci doit d’autant plus grande que ballon est plus gros, peut, 


(25) : Tmax = 0.0632 n 4/3e2/3, 
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avec matériel donné, dépasser une taille maximum, sous peine voir bulle 
déchirer avant pouvoir enlever ballon. donc une limite 
accessible, imposée par limite rupture matériel par son épaisseur. 
Avec Polythéne, limite rupture exprimée kg. par métre, est voisine 
2e, général elle vaut ke, étant exprimée milliémes pouce. 
fait avec Polythéne, tension rupture n’est pas atteinte avant 15e 
20e, mais matériel s’allonge dés 4e, peut déchirer par endroits vers 
valeur assure une bonne marge sécurité, elle correspond une bulle 

Eliminant entre les relations (3) (4), trouve une relation entre rayon 


(26) Pomin= 0.0153 
Pour une substance densité quelconque, formule générale 
(27) Pomin= 0.029 


Cette formule est importante, car elle montre que accessible, loin 
d’augmenter avec matériel, augmente plut6t quand prend une 
paroi plus mince. réduisant non seulement éléve plafond ac- 
cessible, mais réduit poids, comme plus haut Section Une limite 
pratique est cependant imposée par fragilité matériel, qui, est trop 
mince, risque déchirer sous moindre manipulation. Ainsi pourrait 
pas manipuler facilement Polythéne 0.1. Cependant, d’autres matiéres 
plastiques pourraient servir sous des trés réduites, comme nylon qui 
une valeur élevée voisine probablement 60. 

Eliminant encore entre formule générale donnée ici une formule pré- 
cédente, obtient poids ballon taille maximum pouvant soulever: 


(28) 1.746 


obtient aussi nombre fuseaux: 


ces formules, ballon nylon, avec 0.01, une densité voisine 
810 gr., compterait fuseaux, aurait une longueur 229 pieds. 


Ces calculs supposent d’ailleurs une paroi homogéne. peut dépasser souvent 
les limites indiquées renforgant les parois d’un carrelage rubans collés, plus 
solides, selon les principes généraux constitution des structures telles que les 
ailes d’avion: réseau solide supportant une surface mince. Les ballons 
General Mills sont renforcés par des rubans rapprochés collés sur longueur 
seulement. Dans cas, comme dans cas d’un carrelage rubans, paroi est 
davantage bombée vers sorte que les rayons courbure sont ré- 
duits, les formules générales précédentes, les tensions dans paroi 
trouvent aussi réduites. Les tensions sont par contre concentrées dans les 
rubans. 


le, 
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1000 


0.0 MO 


Fic. Ballons cylindroconiques taille maximum. Diagramme donnant pour trois valeurs 
maximum fuseaux poids maximum kg. ballon pouvant tout juste soulever 
des feuilles employées, pouce. densité est supposée égale 
admet que fragilité devient excessive lorsque vaut kg. par métre, plus petite 
épaisseur utile vaut 1/k. 


diagramme Fig. illustre les relations ci-dessus imposées par les limites 
rupture. 
10. TENSIONS ALTITUDE 


Les tensions dans paroi bulle diminuent mesure que 
volume bulle augmente comme pression son rayon 
comme désigne par tension maximum dans bulle sous 
pression normale, sous une autre pression tension maximum est 


(30) 


elle devient donc moitié quand pression est réduite d’un facteur huit. 
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11. DIFFUSION 


diffuse assez rapidement travers Polythéne; selon des indi- 
cations catalogue General Mills (3), perte sol est d’environ gr. par 
par heure, étant d’un milliéme pouce, pour ballon gonflé 
d’hélium, doit comparable pour ballon gonflé d’hydrogéne. vitesse 
diffusion doit étre proportionnelle 1/e, sorte que Polythéne beaucoup 
plus mince présenterait une diffusion génante. D’autres substances présentent 
coefficient diffusion sans doute plus faible, comme cellulose ses éthers, 
nylon. 

diffusion diminue d’importance quand s’éléve; effet surface 
bulle est proportionnelle masse diffusée perte force ascension- 
nelle sont proportionnelles cette surface pression donc 
Pour 0.01 atm., diffusion est 4.65 fois plus lente qu’au sol. 


CONCLUSION 


conclusion plus attrayante travail est probablement possibilité 
construire laboratoire industriellement des ballons trés légers capables 
d’atteindre moins km. d’altitude d’y plafonner. Ils constitueraient 
moyen précieux pour des rayons cosmiques primaires. Polythéne 
trés mince, méme renforcé ruban gommé, serait trop fragile perdrait trop 
rapidement son gaz, mais devrait trouver d’autres matiéres thermoplastiques 
solides imperméables utilisables cette fin. 
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TRANSFORMATION AMPLITUDES FOR VECTOR ADDITION 
ANGULAR MOMENTUM; 


ABSTRACT 


The transformation amplitudes for the vector addition 


Much the current work nuclear spectroscopy concerned with the angu- 
lar distributions the particles emitted nuclear reactions transitions 
between nuclear states, for such experiments yield information about the angular 
momenta the states and particles involved. The quantitative treatment such 
processes invariably requires knowledge the transformation amplitudes for 
the vector addition the relevant angular momenta (see, for example, Falkoff 
and Uhlenbeck, (2)). The required transformation amplitudes, 


been tabulated Condon and Shortley (1) for 3/2, and thus amply 
fulfilling the needs atomic spectroscopy. help meet the need nuclear 
applications where higher angular momenta are more common, have prepared 
the accompanying table* for 

The transformation amplitudes for forma real, unitary matrix the seven 
ments first evaluating the unnormalized Clebsch-Gordan coefficients, 
derived group-theoretical methods van der Waerden (6). Then the normal- 
izing factors common elements each row were obtained from the simple 
closed form given Keller (4). The phase convention the same that used 
Condon and Shortley. 

Since these matrix elements apply the emission any particle with 
they may also used for y-octupole radiation, and they fact yield the same 
jand dependence the matrix elements obtained specifically for 
this case French (3) following method which Condon and Shortley had used 
for quadrupole matrix elements. Their derivation has the merit that also gives 
the directional and polarization properties the radiation field convenient 
vector form. But neither the quadrupole nor octupole matrix elements ob- 
tained may used they stand for transformation amplitudes for the emission 
particles other than y-rays. This because the matrix elements are not proper- 
normalized and the sign conventions are not such yield unitary matrix. 
For the applications the pure multipole y-radiation these discrepancies 
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normalization and sign are consequence since they are compensated the 
definition the associated angular dependent factor for the electromagnetic 
radiation field. However, mixtures multipole fields, for example, both 
octupole and quadrupole, were present single radiative transition, then, 
shown Ling and Falkoff (5), would again necessary use the normalized 
transformation amplitudes obtain the correct interference contribution the 
angular distribution. 
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THE MEASUREMENT PHOTONUCLEAR CROSS SECTIONS 
ISOTOPES LEADING SHORT-LIVED DECAY 


ABSTRACT 


dropping apparatus, including new means dosage rate monitoring, has 
been designed allow the observation short-lived activities produced 
betatron irradiation various parent materials. The photonuclear cross section 
for the reaction has been measured this means. The cross section 
has peak value 24.6 millibarns 20.1 0.5 Mev., half width 4.5 Mev., 
and integrated cross section 0.12 Mev-barns. The reaction threshold was 
found 15.0 0.1 Mev. The experiment has also yielded new half life for 
2.66 0.03 sec. 


INTRODUCTION 


While considerable work has been done finding cross sections for photo- 
nuclear reactions the middle-weight elements, such information lacking for 
many isotopes which yield radioactive end products with half lives less than 
five seconds. 

This paper describes which permits the study these short-lived 
activities and submits the results for the reaction 

APPARATUS 

All irradiations were made using the Mev. betatron the University 
Saskatchewan. order facilitate the rapid transfer samples from irradiation 
position counting position, remote-controlled dropping apparatus has been 
designed. See Fig. 

The heart the apparatus lucite framework in. in. in. 
which rests shelf bolted the front the betatron shield. The collimated 
beam passes through square opening the front this lucite structure with 
its center in. above the base. Provision made the top for suspending 
vertical position ft. long brass guide rod in. diameter. This rod passes 
through hole the base. brass shelf fastened horizontal axle con- 
veniently mounted behind this guide rod and just below the center the beam. 
Another similar shelf positioned above the first and out the beam. These 
shelves are held against gravity the horizontal position lever arms attached 
two independent electromagnets the top the assembly. Cylindrical 
samples which slide freely the guide rod may thus held first above the beam, 
then dropped the desired instant toa position the center the beam, and 
finally, dropped again the bottom the guide rod where the counting done. 

Victoreen 1B85 thyrode counting tube fitted within specially machined 
hollow lucite rod attached extension the guide rod. The two parts the 
guide rod are readily separable thus facilitating the changing samples. keep 
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PHOSPHOR 
BRONZE 
BRUSHES 
AXLE ROD 
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CHAMBER SHIELD 
$4 


SAMPLE 


AMPHENOL 
MONITOR CIRCUIT 
INCHES 
Fic. The dropping apparatus viewed from the side showing cylindrical sample the 


irradiation position. For use with end-on counters, the adapter and guide rod shown are re- 
moved and larger hollow brass guide rod installed. 


the tube background minimum, the lower end the guide rod, containing 
the tube, projects inside cylindrical castle. The outside wall lead in. thick. 
Constructional details the inner linings wax, cadmium, and lead are shown 
Fig. This special design was followed eliminate fast neutrons present un- 
avoidably the photon beam. Slowed thermal energies the wax, they are 
captured the cadmium. y-rays emitted the excited cadmium nuclei are 
absorbed the inner lead foil. this way, the tube background immediately 
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after irradiation, owing principally neutron capture the aluminum the 
counting tube, was reduced factor five. 


The Geiger—Miiller tube connected the usual preamplifier scaler circuits. 
Nuclear Instruments scaler and Atomic Instruments scaler are arranged 
series giving scaling factor variable from 128 64. The outputs from 
these two scalers are fed the two pens 202 double channel oscillo- 
graph manufactured the Brush Development Co. Fig. shows block diagram 


. 


INCHES 


The specially designed castle showing detail thyrode tube mounting. Notice the 
cylindrical sample part way down the guide rod. 


the electroric equipment used conjunction with the dropping apparatus. 
The oscillograph records the output pulses pips constant height tape 
which, for this work, traveled 0.5 cm. per sec. The chart drive speed was 
checked from time time during runs with cycle test signal. 


order record the tape the beginning and end irradiation, circuit 
provided apply fixed d-c. bias one the pens the instant the upper 
shelf released. The same circuit broken again when the lower shelf also 
tripped. This effected means slip rings fastened the shelf axles. 
Phosphor bronze brushes make and break the circuit the shelves are rotated. 


oe 
SAMPLE 
re- 


260 CANADIAN JOURNAL OF PHYSICS. VOL. 30 


24 VOLTS 
APPARATUS 


UPPER SHELF 


LOWER SHELF 


BETATRON 
INTERLOCK 


ATOMIC 


RECORDER SCALER 


Fic. Block diagram control circuit used. The 110 volt magnets (not shown) are operated 
remote control from switchboard which also provided with switch start and stop 
the Brush recorder chart drive. 


NUCLEAR 
INSTRUMENTS 
SCALER 


BRUSH 


interlock circuit the betatron also broken with the release the lower 
shelf, thus instantly turning off the beam. 

was found also that unpredictable tube behavior resulted the high 
voltage remained the Geiger tube during operation the betatron. This 
phenomenon due the high photon flux present everywhere the room. 
Therefore the same relay, which breaks the interlock circuit, also wired close 
the otherwise open circuit from the high tension supply the thyrode. The time 
constant, governing the rise potential the tube, was found small and 
the tube reaches its operating voltage approximately one second. Since the 
sample requires nearly this length time descend the four feet the counting 
position, little delay counting caused. 

order obtain activation curve necessary know the dosage rate 
and the time irradiation for each sample. The number radioactive atoms 
present sample after irradiation time given 


t 
0 


where D(r) the dosage rate time measured backward from the end 
irradiation, 

the transformation constant the radioactivity being produced, 
proportionality and essentially the activation value. 


constant D), the integration can performed and 


CONTROL 
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grated dose. 

general, D(r) not constant and this expression cannot integrated. 
But even this case, the factor approximately unity over the 
entire integration and 


words, the irradiation time much less than the half life, the activity pro- 
duced linear function the integrated dose only and variations dose rate 
are inconsequential. This the basis conventional integrated-dose monitoring 
with Victoreen r-meter. 

Because changes line frequency, temperature, etc., transient 

variations betatron yield large 20% are unavoidable. Since the half lives 
this work are short, near saturation irradiations are obtained few seconds. 
The dose rate near the end irradiation is, therefore, very much more important 
than the beginning the irradiation period. Since the weighting function 
cannot neglected, integrated-dose monitoring inaccurate. 

Instead, method dynamic monitoring used which yields continuous 
graph the varying dose rate over the entire irradiation period. The circuit 
shown Fig. The output from small multiple-plate ionization chamber, 
attached fixed geometry the rear the dropping apparatus, fed the 
grid cathode follower Victoreen 5803 triode. The grid resistor normally used 


Fig. Circuit diagram dynamic monitoring devi ice. 

megohms prec. 300 volt Minimax 
150 megohms 500 prec. volt penlight 
1000 megohms wire wound volt penlight 

1500 ohms volt Vio 4.5 volt penlight 
5000 ohms 1,25 volt volt Minimax 


The ma. relay shorts out the meter the current becomes excessive. Fila- 
ment supplies are turned before plate supplies prevent destabilization the electrometer 
tubes 
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megohms. The second stage Victoreen 5822 medium-mu triode has 
amplification factor 10. The balanced-output cathode-follower arrangement 
permits the use recording milliammeter with full scale de- 
flection 1.0 ma. The circuit linear within over the full scale the meter. 
typical dose rate chart depicted Fig. While the above circuit was used 
for the work sulphur, recording instrument with shorter response time 
would preferable and newer circuit using Speedomax recorder, fully de- 
scribed Johns (5), will used future. 


Fic. Typical chart showing the dosage variation over sec. irradi- 
ation sulphur. The light grid lines are placed the times calculated for half life 
2.66 sec. The effective dosage rate 0.75 while the mean integrated dosage rate 0.80, differ- 
ence 6.7%. the betatron beam was turned on, the sample was dropped into place 
for sec. irradiation, and the beam was automatically cut off the sample dropped 
the counting position. 


one considers that the dosage rate D(r) varies only finite steps taking 
the half life), then 


m tn 


n=1 tn—1 


where are the points discontinuity. Carrying out the integration, 


N = Rk bigs 
An=1 


the dosage rate were constant for the irradiation would have 


k k 
the dosage rate variable, can define effective dosage rate Deff the 
relation 


— 
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this effective dose rate that desire find. Comparison the two ex- 
pressions for yields 
n=1 

now apply this equation the analysis dosage rate chart. the con- 
tinuous graph could divided into intervals variable duration that the 
expression would have the same value 1/m for each interval, 
considerable simplification the calculation would result. This criterion 
leads once expression for the namely, 


where above, then 
m 


n=1 


Since irradiations are only finite duration, the interval cannot com- 


pletely represented the dosage rate chart. However, little error introduced 
writing D,, Collecting terms, have, 


m—1 


The value can chosen large enough give any desired degree accuracy. 
For this work was taken 10, that 


This readily evaluated examining the dosage rate chart with the help 
lucite template scribed with grid lines each the times and estimating each 
the values. These lines are shown superimposed Fig. The positions 
the lines are, course, functions the half life, that new template neces- 
sary for each different half life. 

The Brush Oscillograph tape records the decay each sample. obtain the 
counting rate for given sample function time measured from the end 
irradiation, necessary measure the linear distance from the release the 
d-c. bias each the subsequent pips suitable groupings. these readings 
are denoted etc., then the counting rate time 1/0.5 
(seconds) given 0.5 (counts per second), where the 
number counts received the interval time between and assuming 
chart speed 0.5 cm. per sec. Initially, while the counting rate high, pips are 
counted the output track the second scaler. the counting rate decreases, 
the other track bearing the register pulses from the first scaler used. 

facilitate the measurement etc., tape reader was built. the 
paper wound from one drum another, passes tightly over rubber roller 
geared revolution counter. The position each pip recorded the reading 
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the revolution counter which calibrated 0.01 turn, and can esti- 
mated 0.001 turn. For the chart speed used, one revolution the revo- 
lution counter corresponds 5.32 sec. This calibration was checked from time 
time measuring the half centimeter grid lines the tape. 


Because the inherent filtration the above counting system (minimum 
tube wall thyrode mgm. per and for other reasons, cylindrical 
geometry was discarded favor end-on counting for the absolute determi- 
nation activities. the other hand, cylindrical samples giving the highest 
possible counting rates are desirable the relative work when irradiations near 
threshold are made. The dropping apparatus described easily adaptable 
the other form counting geometry shown Fig. The same castle can 
fitted with RCL end-on counting tube with mica window 2.9 mgm. per 
thickness. hollow brass rod inside diameter 7/16 in. replaces the 
smaller guide rod the other assembly. This again suspended from its upper 
end the lucite superstructure. Its lower end butts rigidly against the counting 
tube that samples may dropped within mm. the window without 
damage either the samples the tube. lengthwise slot cut the upper end 


INCHES 


The castle again, showing details the end-on counting geometry. Notice the carbon 
sample holder dropping inside the guide. 


AND 
. 
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this rod permits narrow projections the supporting shelves extend part 
way inside the guide. Carbon sample holders were machined slide freely inside 
this guide. Carbon was chosen because its high threshold, low cross 
section, and long half life relative the half lives being studied. Circular disks 
the sample material are supported between layers plastic film held flat across 
the end these holders. Strings attached the tops the holders provide 
means recovery after the counting time has elapsed. 


The first reaction studied with the apparatus was whose product 
nucleus has half life 2.66 sec. The experiment readily divides itself into two 
parts. First, relative activation curve function maximum betatron 
energy was determined. Finally, the absolute magnitude the activity was de- 
termined one energy, namely Mev. avoid geometry and absolute dose 
calculations, the activity produced sulphur was compared directly with the 
activity produced similar copper samples. 


indicated above, cylindrical geometry was used determining the relative 
activity curve. attention was paid geometry self-absorption corrections 
and all dosage rates were left units ionization current. Irradiations were, 
general, sec. duration. The sulphur samples were cast cylinders cm. 
diameter, with diameter hole through the center. They ranged length 
from 1.5 2.5 cm. and had masses from gm. 


permit counting over long period possible, corrections for tube dead 


time were obtained experimentally and applied counting rates over 
counts per minute. Although Victoreen thyrode tubes are well adapted high 
counting rates, the correction amounts over 100% 10° counts per 
minute. The correction factor was obtained following the decay pure 
10.1 min. Cu® activity over period min. The straight line portion (on 
semi-log paper) was then produced back the time origin and the counting loss 
correction found function observed counting rate. 


Points the activation curve were obtained intervals less than 0.4 Mev. 
and repeated many times different days and using different samples. The 
maximum energy the betatron was controlled using the circuits previously 
described (9). Separate plots initial counting rate per gram sulphur per unit 
photon intensity were obtained for each run using one sample throughout, and 
the best-fitting curves normalized each other well possible all energies. 
The experimental points for each run were then multiplied the appropriate 
normalization factor and plotted the mean curve shown Fig. 


already mentioned, the absolute magnitude the above curve was de- 
termined comparing activities obtained sulphur and copper Mev. 
This energy was chosen the one giving the largest sulphur activity with 
minimum activity produced the carbon the sample holders. Since only 
ratio activities was determined and the actual specific activity per atom 
Cu® per 100 per min. obtained from previous work, the geometry factor did 
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SATURATED SPECIFIC ACTIVITY PER ATOM 


MAXIMUM BETATRON ENERGY 


Fic. Activation curve for the reaction Experimental points shown represent 
the average least three actual determinations. 


not have measured provided was the same both cases. was essential, 
however, apply self-absorption corrections. 


Circular copper foils ranging thickness from 419 mgm. per cm.? 5.9 mgm. 
per and 4.98 cm.? area were used determine self-absorption curve 
copper. Circular sulphur samples the same diameter and thicknesses ranging 
from 987 mgm. per cm.? 15.1 mgm. per cm.? were used similarly determine 
the self-absorption curve sulphur. The samples were held during both irradi- 
ation and counting the sample holders already described above. Although 
rapid sample transport was not necessary measure the decay, the pro- 
cedure followed was the same for the measurement the sulphur activity. 
The self-absorption curves were then extrapolated zero thickness and the ratio 
extrapolated values taken. Although S*! decays positron emission, cor- 
rection need made for unobserved K-electron capture since this effect less 
than (4). The probable error the determination points the relative 
activation curve estimated less than 3%. more serious error occurs 
the determination the ratio between the activities sulphur and copper 
Mev., that is, the fixing the absolute ordinate scale. This error due 
uncertainties the extrapolated values the self-absorption curves for copper 
and sulphur, each which may error 10%. Thus while the shape the 
activation curve and therefore also the cross-section curve thought 
very well determined, the absolute values may error much 20% 
with respect the assumed copper activation value. 
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RESULTS 

Half life 

the over 300 sulphur irradiations carried out, the data some were 
plotted yield decay curves. each case, the decay was pure except for very 
small fraction longer 2.55 min. activity due formed the reaction 
the cross section for which has already been reported (10). The 
mean value all half-life determinations 2.66 0.03 sec., value which 
good agreement with that reported McElhinney (11), somewhat lower 
than that reported and Hirzel (15), and considerably lower than that 
indicated the recent work Boley and Zaffarano (2). typical decay curve 
shown Fig. The long-lived background this case was 150 counts per 
minute, and hence the break the curve does not appear. 


2 

2 

HALF LIFE 
266 SECONDS 

2 


TIME 


typical decay curve for The points marked with are those obtained before 
tube dead time corrections were applied. 


Threshold 

Using power plot method analysis after the manner Parsons and Collie 
(12) and Sher, Halpern, and Mann (14), the initial portion the activation 
curve was examined. The threshold was found 15.0 0.1 Mev. This com- 
pares favorably with values published McElhinney a/. (11) and Becker, 
Hanson, and Diven (1). 
Cross Section 


The activation curve similar shape other yield curves found 
this laboratory. From the self-absorption work done, the ratio the saturated 
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specific activity per atom per 100 per min. the saturated specific 
activity Cu® per atom per 100 per min. was found 0.0585 
Mev. The published value for the saturated specific activity per atom 
per 100 per min. (6) after applying the 10% correction Katz al. (8) 
4.22 Mev. Hence the saturated specific activity per atom 

Fig. shown the cross-section curve obtained from the activity curve 
the photon difference method previously reported (7). The cross section shows 
the usual resonance shape with peak value 24.6 millibarns 20.1 0.5 Mev. 
The half width the resonance peak 4.5 Mev., and the integrated cross section 


Nn 


c 
a. 
z 
oO 
WwW 
” 
” 
4 


PHOTON ENERGY (MEV) 


Fic. The cross section for the reaction 


These values compare favorably with the data predicted empirically Cameron 
and Katz (7, 3). Good agreement obtained also with the neutron yield work 
Price and Kerst (13). For 16, their yield value 1.4 10° neutrons per 
mole per Mev. Our results indicate value 1.5 neutrons per mole 
per this energy. 


CONCLUSIONS 


With the apparatus described, the determination the cross sections many 
photonuclear reactions, previously impossible measure because the short- 
ness the half lives involved, can carried out. particular, included this 
group are the reactions and investigation which 
has already begun. addition, (y, 2”) reactions the light elements may ob- 
served. Furthermore, with only slight changes permit the use scintillation 


il 
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counter detect rays, many isomeric transitions the middle-weight and 
heavy isotopes can investigated. 

The first results obtained using the apparatus yielded the cross section for the 
photoneutron process S*? and new value for the half life 
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NUCLEAR ELECTRIC QUADRUPOLE INTERACTION 
SINGLE 


ABSTRACT 


theory the dependence electric quadrupole splitting nuclear 
magnetic resonance absorption lines single crystal the orientation the 
crystal external magnetic field extended cover the case crystal with 
nonaxially symmetric electric field gradient the site the nuclei being investi- 
gated. shown that experimental study the angular dependence this 
splitting for three independent rotations the crystal about any three mutually 
perpendicular axes will yield complete information about the orientation the 
principal axes and the degree axial asy mmetry the electric field gradient 
tensor the site the nuclei, and also will give the absolute value the quadru- 
pole coupling constant for those nuclei. 

The authors’ experiments the splitting the Li’ absorption lines single 
crystal (spodumene) are described and are used illustrate the 
theory. The absolute value the quadrupole coupling constant for the Li’ nuclei 
spodumene found kc. per sec. The axial 
asymmetry parameter the field gradient tensor the site the nuclei 
tensor (the axis corresponding the eigenvalue intermediate magnitude) 
experimentally found coincide with the crystallographic axis monoclinic 
spodumene required the known symmetry the crystal. The other two 
principal axes are the plane, the axis (corresponding the eigenvalue 
greatest magnitude) lying between the and axes angle 48° 
with the axis. 


INTRODUCTION 


study the splitting nuclear magnetic resonance absorption lines single 
crystals the interaction the nuclear electric quadrupole moment with the 
gradient the electric field existing the crystal the site the nuclei 
question yields information about both nuclei and crystals. 


examples the type information about nuclei made available such 
studies may mention the determination the spin Schuster and 
Pake (10), and the determination the absolute value the ratio electric 
quadrupole moments Li® and Li? Schuster and Pake (9), and and 
Becker and Kruger (2) and Becker (1). 


this paper discuss the information which made available this 
method about crystals, viz. the orientation the principal axes and the degree 
axial asymmetry the field gradient tensor the site the nuclei being 
investigated. 

addition the above information about nuclei and about crystals separate- 
one also obtains experimentally the absolute value the quadrupole coupling 
constant which the product nuclear property (eQ) and crystal property 
(the largest absolute value the three eigenvalues the tensor the site 
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the nucleus). knowledge one these two quantities from other sources 
will then permit the evaluation the other one. 


The observed splitting any particular absorption line depends the value 
this quadrupole coupling constant, and the orientation the single crystal 
the constant external magnetic field. Pound (7) has given the theory and has 
described experiments showing the influence crystal orientation the ob- 
served splitting the special case crystals which the tensor has axis 
symmetry. 


The present paper deals with our extension Pound’s theory cover the de- 
pendence the resonance frequencies the crystal orientation the general 
case crystals which need not necessarily have axis symmetry. The 
theory then illustrated our experimental determination the dependence 
the frequencies the Li’ absorption lines single crystal spodumene 
the angles rotation the crystal about three mutually 
perpendicular axes. Preliminary results our analysis these rotations have 
been reported previously (11, 6). simpler analysis given here. 


FHEORY 
nucleus spin and magnetic moment placed constant uniform 
magnetic field has Zeeman levels with constant energy difference 
The transitions between adjacent levels (Am under the 
external radio frequency magnetic field perpendicular 
all correspond single resonance frequency vo, giving rise single absorption 
line. 


addition the nucleus (with has nonzero electric quadrupole 
moment defined the usual way, and situated electric field with 
nonvanishing gradient VE, then, Pound (7) has shown, each the Zeeman 
levels perturbed, and the single absorption line frequency split into 
components. 


the case that the quadrupole coupling energy small compared the spac- 
ing the Zeeman levels Pound (7) has shown that first order perturbation theory 
gives for the frequency the transition between the perturbed Zeeman levels 


and m—1 the value: 


with 
3eQ(2m 


Here the sign chosen opposite the sign the nuclear gyromagnetic 
ratio, and the second derivative the electrostatic potential the site 
the nucleus question, the direction coinciding with that the constant mag- 
netic field easily seen from Equation (1) that this first order approxi- 
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lie equally spaced opposite sides vo, the frequency difference between them 
being given twice their separation from the unperturbed line 


order have large number identical nuclei subject the same and 
the same 


(VE)o 


that each should have the same resonance frequencies determined Equation 
(1), consider single crystal placed constant uniform magnetic field 
nucleus the type under consideration occurs only once each unit cell 
the crystal, then guaranteed that the (which presumably due partly 
the electrons the atom containing the nucleus question and the bonding 
electrons, and partly the nuclei and the electrons atoms neighboring 
lattice points) the same the site all such nuclei. nucleus the type 
under investigation occurs more than once per unit cell, then some cases the 
symmetry properties the crystal may guarantee that the same for 
all the possible positions the given nucleus the unit cell. the various 
possible positions the unit cell are not equivalent this sense, then the actual 
splitting observed will superposition several splitting patterns due the 
nuclei each the several nonequivalent positions. The analysis below carried 
out explicitly for equivalent positions only. 

the orientation the crystal varied with respect the constant magnetic 
field the value along will vary, and the observed splitting will 
function crystal orientation. Let denote the value for that par- 
ticular crystal orientation which gives the greatest splitting. Then Equation (3) 
may rewritten the form 


Here the first factor depends the spin the nucleus and the particular 
components the line being investigated, the second factor the so-called 
quadrupole coupling constant, and the third dimensionless factor absolute 
value not exceeding unity depends the orientation the crystal the mag- 
netic field. order determine the dependence crystal orientation 
first discuss the properties the tensor frame reference fixed with re- 


spect the crystal, and then show how depends crystal orientation. 


The tensor written rectangular coordinates (and also its negative, the 
therefore has only five independent components. take arbitrary external- 
easily identifiable set right-handed rectangular axes fixed with respect 
the crystal (for example this set may involve some the crystallographic axes) 
the symmetric tensor will have the general form 


(4) 
byz 
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with five independent components since ¢xx Asetof axes xyz 
may found put this tensor the diagonal form 


Here the axes have been labeled that has the largest and 
eg(1 n)/2 absolute value, restricting the value the axial 
Pound’s paper (7): 


J 


The values and any three quantities (e.g. the three Eulerian angles, 
any three independent ones the nine direction cosines) specifying the orien- 
tation the xyz system with respect the system constitute five inde- 
pendent quantities defining the tensor. 

Let X,Y,Z turn made perpendicular the uniform external magnetic 
field each case let the rotated about this axis which remains 
fixed the (primed) laboratory system. Let the angle rotation for the 
rotation measured from the position which the axis coincides with Ho, 
which chosen define the laboratory system. The other two directions 
and may chosen the case the rotation make coincide with 
the initial position Z,X,Y. The transformation between and 
then given by: 


=> ¥ 


From Equation (7) follows that 


and consequently from Equation (3) 
with 


Similar relations for the and rotations may obtained cyclic permutation. 
results Reference (7) refer the rotation the special case 
crystal with and oriented that the axis coincides with the principal 
axis. this case eg/2, dyy eq, and the off-diagonal terms 


— 
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performing the three rotations possible determine from the three 
clear Equations (10) that the six A,B are not all independent, but satisfy 
the four independent identities: 

plus two others obtained cyclic permutation from the second one above. These 
identities are useful check the experimental accuracy, and fix the rela- 
tive signs the three curves. 

From the nine experimental constants one may obtain with the aid Equa- 
tions (10): 

plus four more relations obtained cyclic permutation. 

The resulting tensor diagonalized the usual way. The character- 
istic equation for the eigenvalues the cubic equation: 

(14) —b=0 
where 

~3 2 2 2 

reversal the undetermined common sign A,B,C leaves unchanged, but 
alters the sign that may always choose The usual trigono- 
metric solution the cubic with three real roots gives: 
with 

3/2 

positive and has the largest absolute value, the other two y’s are negative, 
and has the smallest absolute value, that accordance with our convention 
This leads 


(19) = Pry) (yi- V3 tan a, 


The absolute value the quadrupole coupling constant then given by: 


The relative signs these nine constants are fixed the experimental curves, but the 
absolute sign not long there way identifying which the two resonance frequencies 
possible make this assignment the population the levels could appreciably altered 
going sufficiently low temperatures. 
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The process diagonalization also gives for the direction cosines the princi- 
pal axes x,y,z with respect 


where 


The three values lead the direction cosines the corresponding three 
principal axes. The relative signs for each value are fixed the 
relative signs the but the absolute sign each such set may reversed 
reversing the sign the last term Equation (22), corresponding the fact 
that for second rank tensor only the orientation the principal axes signifi- 
cant, but not the choice the positive direction each axis. 

desired, Equations (10) may explicitly expressed terms these nine 
direction cosines, |Keg| and was done our preliminary communication (6). 
However, the computational procedure outlined above considerably simpler. 

The largest splitting that may obtained for any particular crystal will occur 
when the principal axis made coincide with the magnetic field 

For crystal with and unknown orientation any the principal 
axes the field gradient tensor the site the nuclei being investigated the 
minimum number readings required completely determine this tensor 
increase the number crystal positions for which determined will 
increase the experimental accuracy with which the constants and therefore 
the tensor determined. 

from the symmetry the crystal known that one the X,Y,Z 
say the axis, coincides with one the principal axes the tensor, then 
mains performed only the subspace. this case only one rotation 
about the axis necessary give: 


(24) 

with tan and the sign opposite that Cy. The three 
diagonal terms the tensor its principal axes system are then given by: 


The principal axis corresponding coincides with the axis, while the 
other two principal axes lie the plane, the axis corresponding the plus 
sign the second expression (25) making angle with the axis. The mini- 
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mum number readings for complete analysis this case three, say 0°, 
45°, 90°. However, more readings, and also and rotations, will help 
increase the accuracy attainable. 


THE SPODUMENE CRYSTAL 


have checked the above theory experimentally the case the Li’ reso- 

nance single crystal (spodumene). Spodumene monoclinic 
. . 6 

pyroxene with diopside structure. Its space group has four molecules 


AXES 
AXES 


Fic. Projection unit cell monoclinic spodumene the (010) plane. The axis 
which perpendicular the page was used the rotation axis, and coincides with the 
principal axis the field gradient tensor the sites. The and rotation axes, and the 
and principal axes the field gradient tensor the sites are shown the diagram. 
per unit cell. Fig. based the data Warren and Biscoe (12), gives pro- 
jection the structure (010) plane. The dimensions the unit cell are: 


The atomic coordinates decimal parts the axial lengths are given by: 
Li(.00, .31, .25), Al(.00, .09, .25), Si(.21, .41, .25), 
.14), .25, .32), O3(.14, .49, .00). 


Twofold rotation axes parallel the direction pass through the and 
positions 0,+.5, +.25. Twofold screw axes parallel the di- 


51 19, 
69°40 
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The crystal consists chains indicated broken lines 
Fig. running parallel the direction and held together and atoms. 

Since both and nuclei lie twofold rotation axes the crystal, follows 
that the site each such nucleus some one the principal axes the 
tensor must coincide with the direction. The existence symmetry centers 
then shows that the other two axes must have the same orientation the four 
sites (except for reversals the positive axis directions which are immaterial 
for second rank tensor), and also the four sites, the latter, however, not 
necessarily being the same the sites. Section below experimental- 
determined that the principal axis (corresponding the eigenvalue inter- 
mediate magnitude) the tensor the sites coincides with the crystal 
axis, while the and principal axes have the directions shown Fig. 

Our sample was taken from cleavage mass spodumene which was milky 
colored and nontransparent, presumably owing impurities. smaller trans- 
parent single crystal was used for some preliminary work (11) and gave results 
agreement with the present ones.) piece the form rectangular prism 
based parallelogram was split off the large cleavage mass. Three the four 
faces bounding the parallelogram were (110) cleavage planes, the edges formed 
their intersection defining the direction the axis. The fourth face was 
ground down give crystal convenient size. The bases were ground 
planes perpendicular the axis (the right angle between the axis and the 
ground base planes believed accurate about 1°). The axis was then 
taken lie the plane the base bisecting the obtuse angle 
sin 94°) between two cleavage planes. believed that this 
direction could identified within perhaps two degrees. The spodumene 
crystal very hard, and could not marked with sharp steel point, pencil 
mark was used. the cleavage planes are not perfectly smooth there some 
error introduced bisecting the angle between them. Additional error comes 
from making settings the rather thick pencil mark defining the axis. 
direction was chosen the externally easily recognizable axis, the edge be- 
tween the cleavage planes axis) the axis, and the direction mutually 
perpendicular the other two the axis. Optical examination our crystal 
showed that the crystallographic axis lies between our and axes. The 
and axes are marked Fig. The dimensions our crystal were approximate- 
mm. along the parallelogram sides, mm. along the (or axis. 


APPARATUS AND EXPERIMENTAL PROCEDURE 


The recording nuclear magnetic resonance spectrometer with oscillating 
detector used this work was designed and constructed Collins (3). 
similar the instrument described Pound and Knight (8) but uses 
different type oscillating detector and lock-in detector. Fig. shows block 
diagram the apparatus. 

The electromagnet, with pole faces in. diameter and gap in., 
capable producing flux densities 12,000 gauss. The pole faces were care- 
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fully machined with rectangular ridge turned the outside edge order 
make the field more uniform the center the magnet. region near the center 
the pole faces has inhomogeneity less than 0.2 gauss 8000 gauss over 


FREQUENCY 
METER 


COMMUNICATIONS 
RECEIVER 


Mc. per sec. resonates with Mc. per sec. 


the area samples normally used (approx. The electromagnet supplied 
with electronically regulated current and addition the magnetic field itself 
further stabilized control voltage derived from proton resonance signal 
first suggested Packard (5). 

The oscillating detector, Fig. consists pair 6AGS’s operating ‘‘push- 
pull” Colpitts circuit. The tank coil containing the sample under investi- 
gation placed between the poles the electromagnet while the rest the 
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Fic. Block diagram the nuclear magnetic resonance spectrometer. 
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oscillator assembled brass box outside the magnet. The oscillator’s tuning 
condensers are driven synchronous motor and chain reduction gears 
that the frequency can varied the desired rate. (Actual rate used was the 
neighborhood 160 kc. per sec. per hr.) One stage r-f. amplification used 
before the crystal rectifier. A.V.C. network feeds part the d-c. rectified 
voltage back through R.C. filter such way keep the level oscil- 
lation very low. Thus the circuit will extremely sensitive small changes 
the shunt resistance the tank coil such occur passing through nuclear 
resonance the sample placed inside the coil. The r-f. voltage across the coil may 
detector head. 

The large static magnetic field modulated (by means pair pancake 
field coils the gap the magnet) 200 c.p.s. with constant amplitude much 
smaller than the resonance line width. the frequency the oscillator slowly 
passes through nuclear resonance, the level oscillation modulated with 
amplitude which varies the slope the absorption curve, first phase with 


Imeg D.c 
OUTPUT 


ipf | 


AUDIO 
OSCILLATOR 


Fic. Circuit diagram the lock-in detector. Crystal rectifiers Sylvania Type 


the 200 c.p.s. modulation signal then reversing its phase the center the 
resonance line. The lock-in detector, Fig. which also fed the 200 c.p.s. 
modulation signal through adjustable phase network, converts the amplified 
audio signal into d-c. voltage which approximately proportional the first 
derivative the resonance absorption line with respect frequency. This de- 
rivative signal recorded vacuum-tube voltmeter and recording milliamme- 
ter. Examples such recorded absorption derivative curves are shown Fig. 
R.C. filter circuit with adjustable time constant (ordinarily sec.) precedes 
the V.T.V.M. The lock-in detector, Fig. has zero signal voltage great 
stability, necessary property where extended searches for unknown poorly 
known resonances are involved. 

Frequency measurements were made means General Radio Type 620A 
Heterodyne Frequency Meter with the aid standard communications re- 
ceiver. the oscillator passed through zero beat with series settings the 
frequency meter, markers were made the recorder chart. Over the small 


INPUT 
meg 
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frequency ranges used, the sweep rate was linear and the splitting for well 
resolved resonances was measured directly from the recorder charts. For poorly 


Fic. Examples recorded absorption derivative curves. The first three show selected 
splittings for the rotation. The last three demonstrate the accuracy with which the position 
produces marked decrease the maximum the derivative curve. The sweep rate all 
cases per sec. per division. 


resolved and unresolved resonances the composite derivative curve was graphi- 
cally broken into its three component derivative curves and the splitting 
estimated from these. 


The crystal mount, Fig. locks tightly between the ridges the pole faces 
that the axis rotation perpendicular the magnetic field. The dial 
calibrated one-degree intervals and relative measurements can repeated 
consistently better than half degree. The two chief crystal position errors 
arise first determining the crystal axes, and secondly aligning the crystal 
axes with respect the axis rotation, and the magnetic field Ho. 


\ \ -- - \ 
\ a 4 \ \ 4 
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DIAL CALIBRATED 
IN 1° INTERVALS 


MAGNET 


CRYSTAL 
R.F COIL 


Fic. Diagram the crystal mount (not scale). 


Using the above apparatus have studied the splitting the resonance 
that its resonance line breaks into components shown Fig. 
The central component corresponds the unperturbed frequency 
Our measurements were made magnetic field approximately 
7190 gauss calculated from the known value the gyromagnetic ratio 
and the measured value 11.90 Mc. per sec. The frequency difference 
absorption line was measured function the angle rotation the crystal 
about the three orthogonal axes each turn kept perpendicular the 
magnetic field 

verify that the observed splitting actually independent the values 
and required Equation (3a) series measurements was taken 
for one particular crystal position 40°) which gave large value 
magnetic fields varying over the range 6500 8000 gauss. The observed 
frequency difference 2Av remained constant well within our experimental error 
about ke. per sec. 

RESULTS 

Figs. and represent (up possible common minus sign) the frequency 
difference between the two outer components the Li’ line spodumene 
function for the rotations about the and axes and the third 
perpendicular direction respectively. Each circled point these figures corre- 
sponds recorded absorption derivative curve the type shown Fig. 
The crystal position could each case determined better than half degree 
with respect the zero the crystal mount scale. However, somewhat larger 
error could have been made aligning the zero the scale with respect the 
magnetic field and also with respect the crystallographic axes, view the 
difficulty mentioned Section precisely locating and marking the direction 
the axes, particularly the axis. The frequency difference could each case 
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less ° 45 90 135 160 225 270 315 360 
DEGREES 
Frequency difference between the two outer components the line for the 
rotation about the axis spodumene. The circles are the experimental points. The solid curve 
represents 34.0 41.8 cos —48°). when thecaxis spodumene coincides 
with the magnetic field Ho. The 48° phase shift indicates that the principal axis, which corre- 
sponds the maximum possible splitting, makes that angle with the axis. 


40 


30 


DEGREES 
Fic. Frequency difference between the two outer components the Li’ line for the 
rotation about the axis spodumene. The circles are the experimental points. The solid curve 
represents (2Av)x —14.8+53.2 cos —3°). was meant mark the position the 
crystal when the axis 90° the magnetic field Ho, but the phase shift shows small 


alignment error. 
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90 135 iso 225 270 3S 360 
DEGREES 


Fic. 10. Frequency difference between the two outer components the line for the 
rotation about the direction orthogonal the and axes spodumene. The circles are the 
meant mark the position the crystal when the baxis coincides with the magnetic field 
but the phase shift shows small alignment error. 


measured somewhat better than kc. per sec. Curves the theoretically 
expected form cos given Equation (9) were fitted the 
experimental points graphically, for the purposes this paper was not con- 
sidered worth-while expend the effort for least squares fit. The solid curves 
Figs. 8-10 are given respectively by: 

(26) (2Av)y= 14.8 53.2 cos 3°), 


where the constants and are kilocycles per second. Our rough estimate 
the errors, based graphical fitting the curves, that the and constants 
are accurate about half kilocycle per second and the phase angles (with 
respect the zero the scale) about half degree. 

Only three components the absorption line appear each the three ro- 
tations, with the dependenceof the frequency splitting 2Av between the two outer 
components being given each case curves (26) the expected form (9). 
This corroborates the deduction made Section the basis the known 
symmetry properties spodumene that the field gradient tensor has the same 
eigenvalues and principal axes all four sites the unit cell. 
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The discussion symmetry properties spodumene Section showed that 
the twofold symmetry axis the direction must one the principal axes 
the tensor the sites the nuclei. Consequently had succeeded 
both precisely identifying and marking the axis, and also making coin- 
cide with for 90°, and for 0°, should have obtained zero 
phase angles for the and rotations Equations (26). The small deviations 
and from zero indicate the presence one both these errors: (1) the 
crystallographic axes were properly identified, but error was made lining 
them with respect the axis rotation the crystal mount and the mag- 
netic field Ho, (2) the axes actually picked out were lined proper- 
with respect the crystal mount and the magnetic field, but did not quite 
coincide with the and crystallographic axes and the third perpendicular 
direction. 

The analysis the results will differ slightly depending which the above 
two sources error assumed the dominant one. Case (1) assume 
that the axis was properly identified. Then the and phase angles indi- 
cate that errors that magnitude were made determining the reference 
positions the crystal which the axis supposed perpendicular 
for 0°, and along for 0°. compensate for these errors merely 
The phase angle 48° can presumably also error comparable 
amount but have direct indication the possible magnitude and sign 
this error. then obtain the following set constants (in kc. per sec.) for 
Equations (9): 


Axy= 34.0, By= 4.7, Cxy= 41.6, 
As= 19.2, 47.8, 0. 


The consistency the set six constants A,B above may checked with the 
aid Identities (12). Since from these identities the three quantities: 


and also the three quantities: 


By= (3A y+ By)/2 4.4, (3A Bz) /2 4.9 


should equal, choose the average values 33.8, 4.7. The 
spread the values obtained from the three rotations within our estimate 
half kilocycle per second error for the individual constants. Using these averages 
and 41.6 Equations (25) obtain the following results. The three 
eigenvalues the tensor (up common sign) are: 


The axis lies along the (or axis and the and axes lie the (or YZ) 
plane with the axis making angle 48° with the (or axis, 
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shown Fig. The values the axial asymmetry parameter and the 
magnitude the quadrupole coupling constant are: 


Case (2) assume that the error lies principally the identification the 
position the crystallographic axes, and that there error aligning the 
chosen directions with respect the crystal mount and the magnetic field. 
this case Equations (26) should used they stand. The and phase 
angles Equations (26) indicate that error approximately has been 
made locating the axis the plane perpendicular the axis, and error 
approximately has been made locating the axis the plane. The 
following set A,B,C (in per sec.) obtained from Equations (26): 


Ay= 34.0, By= = C= 41.6, 
(29) Ay= By= Cy= 
A 49:2. Bz= 47.8, Cz= 1.9. 


The relative signs these nine quantities are determined the experiment, but 
not the absolute signs. The above values and lead, accordance with 
Equations (13), the following alternative expressions for the diagonal terms 
the tensor 


68.0 2Ay= 29.6 2Az= 38.4 
Ay— By= 67.8 Az— 28.6 Ay— 38.7 
Az+ Bz= 67.0 29.3 Ay+ By= 38.2. 


The spread values each column consistent with our estimated error 
about half kilocycle per second for the individual constants. Averaging the 
three columns obtain: 
Koxx= = 67.6, 29.2, 38.4 

which add zero required. From the C’s and Equation (13) have for 
the off-diagonal terms: 

Koyz= = 41.6, Kézx= = 5.4, Kéxy= 1.9. 

The process diagonalization outlined Equations (15) (21) Section 

gives: 


Substituting the three values 1,2,3) from Equations (16) and (18) 
into Equations (23) obtain from Equations (22) the three sets direction 
cosines each set defining the direction one the principal axes x,y, 
with respect the rotation axes These direction cosines are: 
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Here only the relative signs within each set are significant, the abso- 
lute signs defining the positive directions the principal axes are immaterial for 
second rank tensor. The deviations from unity and from zero 
correspond the deviation the actual direction the principal axis from 
that the rotation axis, which was meant coincide with the crystallographic 
axis. This small deviation within our experimental error identifying the 
axis, and consistent with the symmetry requirement that the axis should 
coincide with one the principal axes. The other four cosines indi- 
cate that the axes are rotated away from the axes through angle 
48°. 

Combining the results our two alternative analyses given Equations 
(28), (30), and (31) conclude finally that the principal axis coincides with 
the axis, and that: 


The uncertainties shown are our estimates our limits error. 


DISCUSSION 


Our measurements confirm within experimental error the only available theo- 
retical results about the field gradient tensor the sites spodumene: the 
field gradient tensor the same the four sites the unit cell, and one the 
principal axes this tensor does coincide with the twofold axis symmetry. 
Our other experimental results, i.e. the determination which particular princi- 
pal axis coincides with the axis, the orientation the other two principal axes, 
the degree axial asymmetry this tensor, and the absolute value the 
quadrupole coupling constant for spodumene, have present theoretical 
counterparts with which they might compared. our knowledge this repre- 
sents the first complete experimental analysis the field gradient tensor 
nuclear site single crystal the general case axial asymmetry. 

The following possible applications the technique outlined this paper 
suggest themselves. From the point view crystal physics interest 
learn much possible about all the properties the field gradient tensor 
the nuclear sites. From the point view nuclear physics particular 
interest obtain calculation, otherwise, the largest eigenvalue this 
tensor for with its aid the magnitude the nuclear quadrupole moment 
could determined from the experimental absolute value the quadrupole 
coupling constant 

Presumably the tensor nuclear site can broken into two contri- 
butions: one arising from the atomic and bonding electrons the im- 
mediate vicinity given nucleus, and one arising from charge 
distributions other lattice points. The calculation the former would require 
detailed knowledge the electronic wave functions. The latter might perhaps 
easier estimate, for might turn out that sufficient accuracy attained 
replacing the atoms more distant lattice points equivalent point charges. 
present does not seem definitely known which the predominant 
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contribution. one succeeded obtaining theoretical estimate only the. 
the theoretical value the asymmetry parameter and the principal axes orien- 
tation this contribution with the experimentally observed ones. 
marked discrepancy between the two would definitely indicate that the 
contribution predominates. Alternatively, two isomorphic crystals which, say, 
only replaced Na, everything else remaining the same, could experi- 
mentally compared each other. marked difference the two, values and 
the orientations the principal axes the and sites would again indi- 
cate the importance the against the contributions 


one succeeded theoretically estimating both the and the 
contributions some crystal, greater confidence could placed the 
theoretical estimate the largest eigenvalue the calculated value and 
the principal axes orientation could checked directly experimentally. Such 
calculated value could then used obtain from the quadrupole 
coupling constant 

long theoretical estimate the largest eigenvalue unavailable 
one can only obtain ratios the magnitudes the quadrupole moments two 
nuclei. When comparing two isotopes the same element the same crystal 
(e.g. and Li’ Reference (9), and Cu® References (1) and (2)) 
one presumes that the same for both isotopes, and compares the observed 
splittings for the two isotopes. advantageous have these splittings large 
possible, and the method this paper enables one determine uniquely the 
position the crystal which will give the maximum splitting. The ratio the 
magnitudes for two different elements may approximately obtained 
assuming (as Hatton, Rollin, and Seymour (4) have done for Be® and 
beryl) that the largest eigenvalue approximately the same the sites 
the two different but somewhat similarly situated nuclei. One would have greater 
confidence this assumption the case nonaxially symmetric could 
shown that the value and the principal axes orientation are roughly the 
same the sites the two kinds nuclei. 
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